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SYSTEM AND METHOD FOR ESD
PROTECTION

CROSS-REFERENCE TO RELAT
APPLICATIONS

T
»

This application 1s a continuation of U.S. application Ser.
No. 11/878,750, filed Jul. 26, 2007, now U.S. Pat. No. 7,692,
247, which 1s a continuation of U.S. application Ser. No.
11/521,361, filed Sep. 15, 2006, now U.S. Pat. No. 7,417,303,
which 1s a continuation of U.S. application Ser. No. 11/171,
325, filed Jul. 1, 2003, now U.S. Pat. No. 7,115,952, which 1s
a continuation of U.S. application Ser. No. 10/198,408, filed
Jul. 19, 2002, now U.S. Pat. No. 6,963,110, which 1s a con-
tinuation of U.S. application Ser. No. 09/483,551, filed Jan.
14, 2000, now U.S. Pat. No. 6,445,039, which claims the
benefit of U.S. Provisional Patent Application No. 60/116,
003 filed Jan. 15, 1999; U.S. Provisional Application No.
60/117,322 filed Jan. 26, 1999; and U.S. Provisional Appli-

cation No. 60/122,754 filed Feb. 25, 1999; the contents of
which are hereby incorporated by reference.

BACKGROUND OF THE INVENTION

Radio recervers, or tuners, are widely used 1n applications
requiring the reception of electromagnetic energy. Applica-
tions can include broadcast recetvers such as radio and tele-
vision, set top boxes for cable television, receivers 1n local
area networks, test and measurement equipment, radar
receivers, air traffic control receivers, and microwave com-
munication links among others. Transmission of the electro-
magnetic energy may be over a transmission line or by elec-
tromagnetic radio waves.

The design of a recerver 1s one of the most complex design
tasks 1n electrical engineering. In the current state of the art,
there are many design criteria that must be considered to
produce a working radio receiver. Tradeolls in the design’s
performance are often utilized to achieve a given objective.
There are a multitude of performance characteristics that
must be considered 1n designing the receiver. However, cer-
tain performance characteristics are common to all receivers.
Distortion and noise are two such parameters. The process of
capturing the signal creates distortion that must be accounted
for 1n the design of the radio recerver. Once a radio signal 1s
captured, the noise surrounding the received signal 1n the
receiver must be considered. Radio signals are often
extremely weak and 1f noise 1s present 1n the circuit, the
signal, even though satisfactorily received, can be easily lost
in this noise floor. The current state of the art in recerver
design 1s often directed to overcoming these receiver limita-
tions 1n a cost effective manner.

In an mtegrated radio receiver ESD discharge circuitry 1s
typically utilized to protect the integrated circuit from static
discharge. Radio signals in a recerver tend to be of small
amplitude and high frequency and are therefore susceptible to
distortion caused by capacitive loading by standard ESD con-
trol methods. It 1s therefore desirable to provide a system of
ESD protection that does not interfere with the reception of
the high frequency, small amplitude signals.

SUMMARY OF THE INVENTION

There 1s therefore provided 1n a present embodiment of the
invention, an integrated circuit ESD protection system.

An embodiment of the integrated circuit protection system
comprises a voltage reference pad ring and an inner ground
pad ring disposed around the perimeter of the 1C, with the IC
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bonding pads disposed within the perimeter of the pad rings.
One or more local power supply and ground bus systems are
linked to the pad rings. The bus systems each comprise a first
local ESD clamp coupled between the local power supply line
and local ground line, a second local ESD clamp coupled
between a local voltage bus and the voltage reference pad
ring, and a third ESD clamp coupled between a local ground
bus and the ground pad ring.

The IC bonding pads are coupled to a ggNMOS transistor
that discharges built up static charge from the IC bonding pad.
A drain and a source connection of the ggNMOS transistor 1s
coupled between the bonding pad and ground. The ggNMOS
transistor 1s activated by a static charge build up that activates
a gate boosting structure.

The IC bonding pads are constructed with a reduced area,
and number of layers over a salicided diffusion implant to
reduce capacitance.

DESCRIPTION OF THE DRAWINGS

These and other features and advantages of the present
invention will be better understood from the following
detailed description read 1n light of the accompanying draw-
ings, wherein

FIG. 1 1s an illustration of a portion of the over-the-air
broadcast spectrum allocations 1n the United States;

FIG. 2 1s an 1llustration of the frequency spectrum of har-
monic distortion products;

FIG. 3 1s an illustration of a spectrum of even and odd order
intermodulation distortion products;

FIG. 4 1s an 1illustration of interference caused at the IF
frequency by a signal present at the image frequency;

FIG. 5 1s an 1illustration of a typical dual conversion
receiver utilizing an up conversion and a subsequent down
conversion:

Oscillator Figures

FIG. 6 1s a semi-schematic simplified timing diagram of
differential signals, including a common mode component, as
might be developed by a differential crystal oscillator in
accordance with the invention;

FIG. 7 1s a semi-schematic block diagram of a differential
crystal oscillator, including a quartz crystal resonator and
oscillator circuit differentially coupled to a linear buffer
amplifier in accordance with the invention;

FIG. 8 1s a simplified schematic 1llustration of differential
signals present at the output of a crystal resonator;

FIG. 9 1s a simplified schematic diagram of a quartz crystal
resonator equivalent circuit;

FIG. 10 1s a simplified graphical representation of a plot of
impedance vs. frequency for a crystal resonator operating
near resonance;

FIG. 11 1s a simplified graphical representation of a plot of
phase vs. frequency for a crystal resonator operating near
resonance;

FIG. 12 15 a simplified schematic diagram of the differen-
tial oscillator circuit of FIG. 7;

FIG. 13 1s a simplified, semi-schematic block diagram of a
periodic signal generation circuit including a crystal oscilla-
tor having balanced differential outputs driving cascaded lin-
car and non-linear butler stages;

FIG. 14 1s a simplified schematic diagram of a differential
tolded cascade linear amplifier suitable for use 1n connection
with the present invention;

FIG. 15 1s a simplified, semi-schematic diagram of a dif-
terential nonlinear butier amplifier suitable for use as a clock
butter 1n accordance with the invention;
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FIG. 16 1s a semi-schematic 1llustration of an alternative
embodiment of the differential oscillator driver circuait;

FIG. 17 1s an block diagram of a differential crystal oscil-
lator as a reference signal generator 1n a phase-lock-loop; and

FIG. 18 1s a simplified block diagram of an illustrative
frequency synthesizer that might incorporate the differential
periodic signal generation circuit of the invention.
Coarse/Fine PLL Tuning Figures

FIG. 19 1s a block diagram 1llustrating the exemplary ire-
quency conversions for receiwver tuning utilized in the
embodiments of the invention;

FI1G. 20 1s a block diagram of an exemplary tuner designed
to recerve a 50 to 860 MHz bandwidth containing a multiplic-
ity of channels;

FIG. 21 1s an exemplary table of frequencies utilizing
coarse and fine PLL tuning to derive a 44 MHz IF;

FI1G. 22 1s an illustration of an alternative embodiment of
the coarse and fine PLL tuning method to produce an exem-
plary final IF of 36 MHz;

FI1G. 23 1s a block diagram of a dummy component used to
model an operative component on an integrated circuit chip;
Filter Tuning Figures

FIG. 24a 15 a block diagram of a tuning process, FIG. 245
1s a tlow diagram of the tuning process, and FIG. 24c¢ 1s an
exemplary illustration of the tuning process;

FIG. 25 15 a block diagram of an exemplary tuning circuait;

FIG. 26 1llustrates the amplitude and phase relationship in
an [.C filter at resonance;

FIG. 27 1s a schematic diagram showing the configuration
of switchable capacitors 1n a differential signal transmission
embodiment;

Inductor Q Temperature Compensation Figures

FI1G. 28 1s an illustration of a typical spiral inductor suitable
for integrated circuit applications;

FI1G. 29 15 an 1llustration of the effect of decreasing “(Q” on
the selectivity of a tuned circuit;

FI1G. 30 1s an illustration of a typical filter bank utilized in
embodiments of the invention for filtering I and Q IF signals;

FIG. 31 1s a diagram of a transconductance stage with an
L.C load;

FIG. 32 shows a transconductance stage with an LC load
and Q enhancement;

FIG. 33 shows a method of tuning inductor Q over tem-
perature;

Communications Receiver Figures

FI1G. 34 1s a block diagram of a communications network
utilizing a receiver according to any one of the exemplary
embodiments of the invention;

Receiver Front End-Programmable Attenuator and LNA Fig-
ures

FIG. 35 1s an 1s an illustration of the input and output
signals of the integrated switchless programmable attenuator
and low noise amplifier;

FIG. 36 1s a functional block diagram of the integrated
switchless programmable attenuator and low noise amplifier
circuit;

FI1G. 37 1s a simplified diagram showing the connection of
multiple attenuator sections to the output of the integrated
switchless programmable attenuator and low noise amplifier;

FIG. 38 1s an 1llustration of an exemplary embodiment
showing how the attenuator can be removed from the circuit
so that only the LNAs are connected;

FI1G. 39 1s an attenuator circuit used to achieve one dB per
step attenuation;

FI1G. 40 15 an exemplary embodiment of an attenuator for
achieving a finer resolution 1n attenuation then shown i FIG.
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FIG. 41 1s an illustration of the construction of series and
parallel resistors used in the attenuator circuit of the inte-
grated switchless programmable attenuator and low noise
amplifier;

FIG. 42 1s an illustration of a preferred embodiment uti-
lized to turn on current tails of the differential amplifiers;

FIG. 43 15 an illustration of an embodiment showing how
the individual control signals used to turn on individual dii-
terential pair amplifiers are generated from a single control
signal;

FIGS. 44a and 445 are illustrations of an embodiment of
comparator circuitry used to activate individual LNA ampli-
fier stages;

Local Oscillator Generation Figures

FIG. 45 1s a block diagram 1illustrating the exemplary gen-
cration of the local oscillator signals utilized 1n the embodi-
ments of the invention;

Narrow Band VCO Tumng Figures

FIG. 46 1s a schematic of a PLL having 1ts VCO controlled

by an embodiment of a VCO tuning control circuit;

FI1G. 47 1s aprocess flow diagram illustrating the process of
tuning the VCO with an embodiment of a VCO control cir-
cuit:

Receiver Figures

FIG. 48 1s a block diagram of the first exemplary embodi-
ment of the invention;

FIG. 49 1s an 1llustration of the frequency planning utilized
in the exemplary embodiments of the invention;

FIG. 50 1s a block diagram showing how image frequency
cancellation 1s achieved 1n an 1I/Q mixer;

FIG. 51 1s a block diagram of the second exemplary
embodiment of the present invention;

FIG. 52 1s a block diagram of the third exemplary embodi-
ment of the present invention;

FIG. 33 1s a block diagram of a CATV tuner that incorpo-
rates the fully itegrated tuner architecture; and
Telephony Over Cable Embodiment Figure

FIG. 54 15 a block diagram of a low power embodiment of
the receiver that has been configured to recerve cable tele-
phony signals.

Electronic Circuits Incorporating Embodiments of the
Receiver Figures

FIG. 5515 a block diagram of a set top box that incorporates
the receiver embodiments:

FIG. 56 1s a block diagram of a television that incorporates
the receiver embodiments:

FIG. 57 1s a block diagram of a VCR that incorporates the
receirver embodiments:

FIG. 58 1s a block diagram of a cable modem that incorpo-
rates the integrated switchless programmable attenuator and
low noise amplifier.

ESD Protection

FIG. 59 1s an 1llustration of a typical integrated circuit die
layout;

FIG. 60 illustrates an embodiment of the mvention that
utilizes pad ring power and ground busses;

FIG. 61 1s an illustration of the connection of a series of
power domains to a pad ring bus structure;

FIG. 62 1s an illustration of an embodiment utilizing an
ESD ground ring;

FIG. 63 1s an illustration of the effect of parasitic circuit
clements on an RF mput signal;

FIG. 64 illustrates a cross-talk coupling mechanism;

FIG. 65 1s an 1illustration of an ESD device disposed
between a connection to a bonding pad and power supply
fraces;
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FIG. 66 1s an illustration of parasitic capacitance in a typi-
cal bonding pad arrangement on an 1ntegrated circuit;

FI1G. 67 1s an illustration of a embodiment of a bonding pad
arrangement tending to reduce parasitic capacitances;

FI1G. 68 illustrates a cross section of the bonding pad struc-
ture of FIG. 67;

FIGS. 69a-e illustrate various ESD protection schemes
utilized 1n the state of the art to protect an integrated circuit
from ESD discharge due to charge build up on a die pad;

FIG. 70 1llustrates an approach to pad protection during
ESD event;

FI1G. 71 1s a schematic of a circuit immune to noise that uses
an ggNMOS' C,_ ; and a gate boosting structure to trigger ESD
protection;

FI1G. 72 1s a schematic of an alternative embodiment uti-
lizing the gate boosting structure and a cascode configuration;
and

FIG. 73 1s a schematic of an embodiment that does not
require a quiet power supply.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 1s an 1llustration of a portion of the radio frequency
spectrum allocations by the FCC. Transmission over a given
media occurs at any one of a given range of frequencies that
are suitable for transmission through a medium. A set of
frequencies available for transmission over a medium are
divided into frequency bands 102. Frequency bands are typi-
cally allocations of frequencies for certain types of transmis-
sion. For example FM radio broadcasts, FM being a type of
modulation, 1s broadcast on the band of frequencies from 88
MHz to 108 MHz 104. Amplitude modulation (AM), another
type of modulation, 1s allocated the frequency band of 540
kHz to 1,600 kHz 106. The frequency band for a type of
transmission 1s typically subdivided mto a number of chan-
nels. A channel 112 1s a convenient way to refer to a range of
frequencies allocated to a single broadcast station. A station
broadcasting on a given channel may transmit one or more
radio frequency (RF) signals within this band to convey the
information of a broadcast. Thus, several frequencies trans-
mitting within a given band may be used to convey informa-
tion from a transmitter to a broadcast receiver. For example, a
television broadcast channel broadcasts 1ts audio signal(s)
108 on a frequency modulated (FM) carrier signal within the
given channel. A TV picture (P) 110 1s a separate signal
broadcast using a type of amplitude modulation (AM) called
vestigial side band modulation (VSB), and i1s transmitted
within this channel.

In FIG. 1 channel allocations for a television broadcast
band showing the locations of a picture and a sound carrier
frequencies within a channel are shown. Each channel 112 for
television has an allocated fixed bandwidth of 6 MHz. The
picture 110 and sound 108 carriers are assigned a fixed posi-
tion relative to each other within the 6 MHz band. This posi-
tioming 1s not a random selection. The picture and sound
carriers each require a predetermined range of frequencies, or
a bandwidth (BW) to sutliciently transmit the desired infor-
mation. Thus, a channel width 1s a fixed 6 MHz, with the
picture and sound carrier position fixed within that 6 MHz
band, and each carrier 1s allocated a certain bandwidth to
transmuit 1ts signal.

In FIG. 1 1t 15 seen that there are gaps between channels
114, and also between carrier signals 116. It 1s necessary to
leave gaps of unused frequencies between the carriers and
between the channels to prevent interference between chan-
nels and between carriers within a given channel. This inter-
ference primarily arises in the receiver circuit that 1s used to
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receive these radio frequency signals, convert them to a
usable frequency, and subsequently demodulate them.

Providing a signal spacing allows the practical design and
implementation of a receirver without placing unrealistic
requirements on the components 1n the receiver. The spaces
help prevent fluctuations 1n the transmission frequency or
spurious responses that are unwanted byproducts of the trans-
mission not to cause interference and signal degradation
within the receiver. Also, signal spacing allows the design
requirements of frequency selective circuits in the recerver to
be relaxed, so that the receiver may be built economically
while still providing satisfactory performance. These spec-
trum allocations and spacings were primarily formulated
when the state of the art 1n receiver design consisted of dis-
crete components spaced relatively far apart on a printed
circuit board. The increasing trend towards miniaturization
has challenged these earlier assumptions. The state of the art
in 1ntegrated circuit recerver design has advanced such that
satisfactory performance must be achieved in light of the
existing spectrum allocations and circuit component crowd-
ing on the mtegrated circuit. New ways of applying existing
technology, as well as new technology are continually being
applied to realize a mimaturized integrated recerver that pro-
vides satisfactory performance. Selectivity 1s a principal mea-
sure of recerver performance. Designing for sufficient selec-
tivity not only involves rejecting other channels, but the
rejection of distortion products that are created in the recerver
or are part of the recerved signal. Design for mimimization or
climination of spurious responses 1s a major objective 1n state
of the art receiver design.

FIG. 2 1s an 1illustration of harmonic distortion products.
Transmitted spurious signals, and spurious signals generated
in a receiver, most commonly consist of harmonics created by
one frequency and intermodulation distortion, created by the
interaction of multiple frequencies. Spurious signals at other
than the desired frequency arise from the inherent nonlinear
properties in the circuit components used. These nonlineari-
ties can not be eliminated, but by careful engineering the
circuitry can be designed to operate 1n a substantially linear
fashion.

When a single frequency called a fundamental 202 1s gen-
erated, unwanted spurious signals 204 are always generated
with this fundamental. The spurious signals produced as a
result of generating a single frequency (1) 202 are called
harmonics 204 and occur at integer multiples of the funda-
mental frequency (27, 37, . . . ) The signal strength or amplitude
of these harmonics decrease with increasing harmonic fre-
quency. Fortunately these distortion products fall one or more
octaves away from the desired signal, and can usually be
satisfactonly filtered out with a low pass filter that blocks all
frequencies above a pre-selected cut-oif frequency. However,
if the receiver 1s a wide band or mult1 octave bandwidth
recerver, these harmonics will fall within the bandwidth of'the
receiver and cannot be low pass filtered, without also filtering
out some of the desired signals. In this case, other methods
known to those skilled 1n the art, such as reducing the distor-
tion products produced, must be used to eliminate this distor-
tion.

Radio signals do not exist in 1solation. The radio frequency
spectrum 1s populated by many channels within a given band
transmitting at various frequencies. When a radio circuit 1s
presented with two or more frequencies, these frequencies
interact, or intermodulate, to create distortion products that
occur at known frequency locations.

FIG. 3 1s an 1llustration of intermodulation distortion prod-
ucts. Whenever two or more frequencies are present they
interact to produce additional spurious signals that are undes-
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ired. FIG. 3 1llustrates a spurious response produced from the
interaction of two signals, 1, 302 and f, 304. This particular
type of distortion 1s called intermodulation distortion (IMD).
These intermodulation distortion products 306 are assigned
orders, as illustrated. In classiiying the distortion the IM
products are grouped into two families, even and odd order
IM products. Odd order products are shown 1n FIG. 3.

In a narrow band systems the even order IM products can
be easily filtered out, like harmonics, because they occur far
from the two original frequencies. The odd order IM products
306 fall close to the two original frequencies 302, 304. In a
receiver these frequencies would be two recerved signals or a
received channel and a local oscillator. These products are
difficult to remove. The third order products 306 are the most
problematic in receiver design because they are typically the
strongest, and fall close within a receiver’s tuning band close
to the desired signal. IM distortion performance specifica-
tions are important because they are a measure of the recev-
er’s immunity to strong out of band signal interference.

Third order products 308 occur at (1;,—Afl) and at (1,+Al),
where Af=f,-1,. These unwanted signals may be generated in
a transmitter and transmitted along with desired signal or are
created 1n a receiver. Circuitry in the receiver 1s required to
block these signals. These unwanted spurious responses arise
from nonlinearities 1n the circuitry that makes up the receiver.

The circuits that make up the receiver though nonlinear are
capable of operating linearly 11 the signals presented to the
receiver circuits are confined to signal levels within a range
that does not call for operation of the circuitry in the nonlinear
region. This can be achieved by careful design of the recerver.

For example, 11 an amplifier 1s over driven by signals pre-
sented to 1t greater than 1t was designed to amplify, the output
signal will be distorted. In an audio amplifier this distortion 1s
heard on a speaker. In a radio recerver the distortion produced
in nonlinear circuits, including amplifiers and mixers simi-
larly causes degradation of the signal output of the receiver.
On a spectrum analyzer this distortion can be seen; levels of
the distortion increase to levels comparable to the desired
signal.

While unwanted distortion such as harmonic distortion,
can be filtered out because the harmonics most often {fall
outside of the frequency band received, other distortion such
as inter-modulation distortion 1s more problematic. This dis-
tortion falls within a recerved signal band and cannot be easily
filtered out without blocking other desired signals. Thus,
frequency planning 1s often used to control the location of
distortion signals that degrade selectivity.

Frequency planning 1s the selection of local oscillator sig-
nals that create the intermediate frequency (IF) signals of the
down conversion process. It 1s an analytical assessment of the
frequencies being used and the distortion products associated
with these frequencies that have been selected. By evaluating,
the distortion and its strength, an engineer can select local
oscillator and IF frequencies that will yield the best overall
receiver performance, such as selectivity and image response.
In designing a radio receiver, the primary problems encoun-
tered are designing for suflicient sensitivity, selectivity and
1mage response.

Selectivity 1s ameasure of aradio recerver’s ability to reject
signals outside of the band being tuned by a radio receiver. A
way 1o increase selectivity 1s to provide a resonant circuit after
an antenna and before the receiver’s frequency conversion
circuitry 1n a “front end.” For example, a parallel resonant
circuit after an antenna and before a first mixer that can be
tuned to the band desired will produce a high impedance to
ground at the center of the band. The high impedance will
allow the antenna signal to develop a voltage across this
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impedance. Signals out of band will not develop the high
voltage and are thus attenuated.

The out of band signal rejection 1s determined by a quality
factor or “(Q” of components used in the resonant circuit. The
higher the Q of a circuit in the preselector, the steeper the
slope of the impedance curve that i1s characteristic of the
preselector will be. A steep curve will develop a hugher volt-
age at resonance for signals 1n band compared to signals out
of band. For a resonant circuit with low Q a voltage developed
across the resonant circuit at a tuned frequency band will be
closer 1n value to the voltage developed across the resonant
circuit out of band. Thus, an out of band signals would be
closer 1n amplitude to an 1n band signals than 11 a high Q
circuit were constructed.

This type of resonant circuit used as a preselector will
increase Irequency selectivity of a receiver that has been
designed with this stage at its mput. If an active preselector
circuit 1s used between an antenna and frequency conversion
stages, the sensitivity of the receiver will be increased as well
as improving selectivity. If a signal 1s weak 1ts level will be
close to a background noise level that 1s present on an antenna
in addition to a signal. If this signal cannot be separated from
the noise, the radio signal will not be able to be converted to
a signal usable by the receiver. Within the receiver’s signal
processing chain, the signal’s amplitude 1s decreased by
losses at every stage of the processing. To make up for this
loss the signal can be amplified iitially before 1t 1s processed.
Thus, 1t can be seen why 1t 1s desirable to provide a circuit 1n
the recerver that provides frequency selectivity and gain early
in the signal processing chain.

Radio frequency tuners are increasingly being designed
with major portions of their circuitry implemented as an
integrated circuit. In the state of the art to minimize distortion
products created in the receiver, exotic materials such as
gallium arsenide (GaAs) are used. A receiver implemented on
this type of material will typically have lower distortion and
noise present than in a similarly constructed receiver con-
structed on silicon. Silicon, 1s an attractive material due to 1ts
low cost. In addition, a CMOS circuit implemented on silicon
has the additional benefit of having known processing char-
acteristics that allow a high degree of repeatability from lot to
lot of waters. The state of the art has not achieved a com-
pletely integrated receiver in CMOS circuitry. A reason for
this 1s the difficulty of eliminating receiver distortion and
noise.

The distortion products discussed above that are created 1n
the recerver can, 1n the majority of cases, also be reduced by
setting an appropriate drive level in the recerver, and by allow-
ing a suilicient spacing between carriers and channels. These
receiver design parameters are dependent upon many other
factors as well, such as noise present 1n the system, frequency,
type of modulation, and signal strength among others. Noise
1s one of the most important of these other parameters that
determines the sensitivity of the recerver, or how well a weak
signal may be satisfactorily recerved.

Noise 1s present with the transmitted signal, and also gen-
erated within a receiver. If excessive noise 1s created 1n a
receiver a weak signal may be lost in a “noise tloor”. This
means that the strength o the received signal 1s comparable to
the strength of the noise present, and the receiver 1s incapable
of satisfactorily separating a signal out of thus background
noise, or floor. To obtain satisfactory performance a “noise
floor” 1s best reduced early in a receiver’s chain of circuit
components.

Once a signal 1s acquired and presented to a receiver, 1n
particularly an integrated recerver with external pins, addi-
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tional noise may be radiated onto those pins. Thus, additional
added noise at the receiver pins can degrade the recerved
signal.

In addition to the noise that 1s present on an antenna or a
cable mput to a receiver, noise 1s generated inside the radio

receiver. At a UHF frequency range this internal noise pre-
dominates over the noise recerved with the signal of interest.
Thus, for the higher frequencies the weakest signal that can be
detected 1s determined by the noise level in the receiver. To
increase the sensitivity of the receiver a “pre-amplifier” 1s
often used after an antenna as a recerver front end to boost the
signal level that goes into the receiver. This kind of pre-
amplification at the front end of the amplifier will add noise to
the recetver due to the noise that 1s generated 1nside of this
amplifier circuit. However, the noise contribution of this
amplifier can be mimmized by using an amplifier that is
designed to produce minimal noise when it amplifies a signal,
such as an LNA. Noise does not simply add from stage to
stage; the internal noise of the first amplifier substantially sets
the noise tloor for the entire receiver.

In calculating a gain 1n a series of cascaded amplifiers the
overall gain 1s simply the sum of the gains of the individual
amplifiers 1n decibels. For example, the total gain 1n a series
of two amplifiers each having a gain of 10 dB 1s 20 dB for a
overall amplifier. Noise floor 1s commonly indicated by the
noise figure (NF). The larger the NF the higher the noise tloor
of the circuit.

A Cascaded noise figure 1s not as easily calculated as
amplifier gain; 1ts calculation 1s non-intuitive. In a series of
cascaded amplifiers, gain does not depend upon the position-
ing of the amplifiers 1n the chain. However, 1n achieving a
given noise figure for a recerver, the placement of the ampli-
fiers 1s critical with respect to establishing a receiver’s noise
tfloor. In calculating the noise figure for an electronic system
Fri1s’ equation 1s used to calculate the noise figure of the
entire system. Friis” equation 1s

NE NE NF> -1 NF;-1
= -+ -+ + ...+
total 1 Gl GIGZ

NF, — 1
GG, ... G,

(1)

NFi 101 = system noise figure
NF| = noise figure of stage- 1
NF> = noise figure of stage-2
NF, = noise figure of stage-nth
(G| = gain of stage- 1

(G» = gain of stage-2

Gy = gain of rth stage

What can be seen from this equation 1s that the noise figure of
a first stage 1s the predominant contributor to a total noise
figure. For example, the noise figure of a system 1s only
increased a small amount when a second amplifier 1s used.
Thus, i1t can be seen that the noise figure of the first amplifier
in a chain of amplifiers or system components is critical 1n
maintaining a low noise floor for an entire system or recerver.
A low NF amplifier typically requires a low noise material for
transistors, such as gallium arsenide. Later amplifiers that do
not contribute significantly to the noise, are constructed of a
cheaper and noisier material such as silicon.

The 1nitial low noise amplifiers are typically constructed
from expensive materials such as gallium arsenide to achieve
suificient performance. Galllum arsenide requires special
processing, further adding to 1ts expense. Additionally, GaAs
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circuits are not easily integrated with silicon circuits that
make up the bulk of the receivers 1n use. It would be desirable
to achieve 1dentical performance with a less costly material,
such as silicon. Silicon requires less costly processing. Fur-
ther 1t 1s advantageous 11 a standard process, such as CMOS,
could be used to achieve the required low noise design. Given
the trend towards miniaturization and high volume produc-
tion, 1t 1s highly desirable to be able to produce an integrated
receiver with a low noise tloor on silicon.

Within a recerver the layout and spacing of circuitry 1s
critical to avoid the injection of noise generated in other
portions of the circuit onto a received signal. If a tuner 1s
placed on a semiconductor substrate noise generated in the
substrate itself will intertere with, and degrade the received
signal, this has been a problem preventing complete integra-
tion of a recerver on silicon.

Historically low noise substrates, fabricated from exotic
and costly materials such as gallium arsemide have been used
to reduce noise generated by the semiconductor substrate.
However, it would be advantageous to be able to fabricate a
receiver on a single CMOS substrate. CMOS advantageously
1s a known process that may be implemented economically
for volume production. Currently a receiver fabricated com-
pletely in CMOS has not been available without utilizing
external components in the recerved signal path. Each time
the signal 1s routed on or off of the itegrated circuit addi-
tional opportunities for the introduction of noise 1nto a signal
path are provided. Minimizing this introduction of noise 1s an
ongoing problem in receiver design.

After preselection and low noise amplification that 1s per-
formed 1n a front end of a recerver, the signal next enters the
receiver’s frequency conversion circuitry. This circuitry takes
channels that have been passed through the front end and
converts one of the selected channel’s frequencies down to
one or more known frequencies (1, or IFs). This frequency
conversion 1s accomplished through the use of a circuit called
a mixer that utilizes a local oscillator signal (1, ), usually
generated 1n the recerver, to tune a recerved channel to an IF
frequency while blocking the other channels. Spurious sig-
nals, previously described, are produced 1n this receiver cir-
cuitry, and an additional problem known as “image response”™
1s encountered that must be considered in the receiver’s
design.

It 1s well known to those skilled 1n the art that when two
sinusoidal signals of differing frequencies are multiplied
together by their application to a nonlinear device, such as a
mixer, that signals of a differing frequency are produced. A
mixer has three ports: 1, ~recerves a low level radio frequency
signal that contains the desired modulation, 1, , 1s a high level
signal from a local oscillator, and 1, 1s the resultant mixer
product or intermediate frequency produced. These frequen-
cies are related:

(2)

Jir=mfrrtnfio

where m=0, 1, 2, 3, ... and

n=0,1,2,3,...

In a typical first order circuit (m=n=1) four frequencies are
produced: 1z, 1; o, 17rr 0~ trp—1r 0 A0A Y g T ppt 0 Alfpr 0
and 1,-.,; being termed intermediate frequencies. In recervers
the common practice 1s to select either the sum or difference
IF frequency by filtering out the undesired one. Since both
signals contain the same information, only one 1s needed 1n
the subsequent circuitry.

One or more mixers are advantageously used in radio
receivers to convert a high frequency radio signal which 1s
received 1nto a lower frequency signal that can be easily
processed by subsequent circuitry. Mixers are also used to
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tune multiple channels, so that different tuned circuits are not
required for each channel. By changing a local oscillator
frequency, differing radio frequencies received can be tuned
to produce a constant intermediate frequency value regardless
of the frequency of the receiwved channel. This means that
circuit components used to process the intermediate fre-
quency may be fixed in value, with no tuning of capacitors or
coils required. Thus, circuits in an IF strip are all fixed-tuned
at an IF frequency. A recetver constructed in this manner,
using one or more frequency conversions, 1s called a super-
heterodyne radio recerver.

A disadvantage of a superheterodyne radio recerver 1s that
any of the one or more local oscillators within the recerver
also acts as a miniature transmitter. A receiver “front end”
alleviates this problem by 1solating an antenna from the
remaining receiver circuitry.

By positioning a radio frequency amplifier between the
antenna and the frequency converting stages of a receiver,
additional isolation between the recerver circuitry and the
antenna 1s achieved. The presence of an amplifier stage pro-
vides attenuation for any of the one or more local oscillator
signals from the frequency conversion stages that are radiated
back towards the antenna or a cable distribution network. This
increased 1solation has the benefit of preventing radiation of a
local oscillator signal out the antenna which could causeradio
frequency interference from a local oscillator. If radiated
these and other signals present could create interference in
another recerver present at another location.

FIG. 4 1s an illustration that shows an 1mage frequency’s
402 relation to other signals present 404, 406, 408 at a mixer.
Image frequency suppression 1s an important parameter in a
receivers design. In a radio recerver two frequencies input to
aradio receiver 404, 406 will yield a signal at the IF frequency
408. A recerver will simultaneously detect signals at the
desired frequency 404 and also any signals present at an
undesired frequency known as the image frequency 402. IT
there 1s a signal present at the image frequency, it will trans-
late down to the IF frequency 408 and cause interference with
the reception of the desired channel. Both of these signals will
be converted to the IF frequency unless the receiver i1s
designed to prevent this. The image frequency 402 1s given
by:

Jr TRt 2 (3)

where 1, 1s the 1mage frequency. This 1s 1llustrated 1n FIG. 4.
A Trequency that 1s spaced the IF frequency 410 below the
local oscillator frequency (1) 404, and a frequency that 1s
spaced the intermediate frequency 412 above the local oscil-
lator signal (1;) 402, will both be converted down to the
intermediate frequency (1,~) 408. The usual case 1s that a
frequency that occurs lower than the local oscillator signal 1s
the desired signal. The signal occurring at the local oscillator
frequency plus the intermediate frequency 402 1s an
unwanted signal or noise at that frequency that 1s converted to
the IF frequency causing mterference with the desired signal.

In FIG. 4 the exemplary 560 KHz signal 404 1s a radio
station that the tuner 1s tuned to recerve. The exemplary 1470
KHz signal 402 1s another radio station transmitting at that
particular frequency. If a designer of the receiver had picked
an exemplary local oscillator signal of 1015 KHz 406 then
both of these radio stations would be simultaneously con-
verted to an exemplary IF frequency of 455 KHz 408. The
person listening to the radio would simultaneously hear both
radio programs coming out of his speaker. This 1llustrates the
need for the careful selection of local oscillator frequencies
when designing a radio receiver. The selection of local oscil-
lator frequencies 1s a part of frequency planning and used by
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those skilled 1n the art to design a receiver that will provide
frequency conversions needed with minimal distortion.

FIG. 5 1llustrates a dual (or double) conversion receiver
502. Such a multiple conversion receiver allows selectivity,
distortion and stability to be controlled through a judicious
frequency planning. In the double conversion receiver 502 a
received signal 504 1s first mixed 506 to a first intermediate
frequency, and then mixed 508 down to a second intermediate
frequency. In this type of receiver the first IF frequency 1s
made to be high so that a good 1image rejection 1s achieved.
The second IF 1s made low so that good adjacent channel
selectivity 1s achieved.

If the first IF frequency 1s low an image frequency falls
higher 1n frequency, or closer to the center of a pass band of an
RF selectivity curve of a receiver “front end,” 510 and under-
goes little attenuation. If the IF frequency 1s high the image
frequency falls far down on the skirt of the RF selectivity
curve for the receiver “front end” recerving a required attenu-
ation. Thus, the selectivity of the recetver acts to attenuate the
image Irequency when a high IF frequency 1s used. As an
added benefit a high 1mage frequency provides less of a
chance for interference from a high powered station. This 1s
because at higher frequencies transmitted power 1s often
lower due to the difficulties 1n generating RF power as fre-
quency 1ncreases.

A low second IF frequency produces a good adjacent chan-
nel selectivity. Frequency spacing between adjacent channels
1s fixed. To prevent interference from adjacent channels the
receiver must possess a good selectivity. Selectivity can be
achieved through a RF tuned circuit, and more importantly by
the superior selectivity provided by a frequency conversion
process. The selectivity improvement given by using a low IF
1s shown by considering a percent separation of a desired and
an undesired signal relative to total signal bandwidth. I a
separation between the desired and undesired signals 1s con-
stant a second IF signal falling at the lower frequency will
give a larger percent separation between the signals. As a
result 1t 1s easier to distinguish between IF signals that are
separated by a larger percentage of bandwidth. Thus, the
judicious selection of two intermediate frequencies 1 a
double conversion receiver 1s often used to achieve a given
design goal, such as 1mage frequency rejection and selectiv-
ty.

Additionally, the use of a second IF frequency allows gain
in the recerver to be distributed evenly. Distributing gain helps
prevent instability in the receiver. Instability usually 1s seen as
an oscillating output signal 512. Distributing the gain among
several IF amplifiers 514, 516, 518 reduces the chance of this
undesirable effect. Often to further distribute the gain
required 1n a system design a third frequency conversion, and
a third IF frequency, will be utilized.

After a recerver front end that possibly contains a low noise
amplifier, additional amplifiers are often seen 1n the various
IF strips. An amplifier in an IF strip does not require ire-
quency tuning and provides signal gain to make up for signal
losses, encountered 1n processing a recerved signal. Such
losses can include conversion loss 1n mixers and the insertion
loss encountered by placing a circuit element, such as a filter
or an 1solator 1n the IF strip.

In recervers filters are used liberally to limit unwanted
frequencies that have been escaped previous elimination in a
“front end,” or to eliminate unwanted frequencies that have
been created immediately preceding a filter. In addition to
attenuating unwanted frequencies, a desired signal will also
undergo some attenuation. This attenuation results from an
insertion loss of a filter, or some other component, and 1f
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uncompensated, will degrade a signal. This 1s especially true
when a series of filters are cascaded, since the effect 1s addi-
tive.

Often a series of multiple filters are cascaded 1n a given IF
strip. These filters typically have an 1dentical response char-
acteristic. The cascaded filters are used to increase the selec-
tivity of the recerver. While 1t 1s true that the mnsertion loss in
the pass band 1s the sum of individual filter insertion losses, as
measured in decibels, a rejection improvement obtained out-
side of the pass band 1s the sum of the rejections at the given
frequency. Thus, three cascaded filters, each having an inser-
tion loss o 0.01 dB at a center frequency, would have a total
insertion loss of 0.03 dB. If the rejection 1n the stop band, a
given frequency away from the center frequency of the filter,
were 20 dB, then a total rejection for 3 cascaded filters would
be 60 dB, a great improvement 1n filter selectivity.

In choosing intermediate frequencies for IF strips 1n the
receiver, no concrete design guidelines exist. Also because of
a wide variance in design goals that are encountered in
receiver design, concrete methodologies do not exist. Each
receiver must be uniquely engineered to satisfy a series of
system design goals taking into consideration design
tradeotls that must be made. In the current state of the art,
design tradeotls, and design methodologies used have been
directed to integrating all parts of the receiwver except for
frequencies selective components. The conventional wisdom
in receiver design 1s that filters are not easily mtegrated onto
a silicon substrate and that filtering 1s best done off of a chip.

Some general design guidelines exist to aid an RF engineer
in designing a recerver. One such rule 1s that designing for
receiver selectivity 1s more important than designing for
receiver sensitivity. Thus, when faced with contlicting design
choices, the more desirable choice 1s to provide a design that
will separate adjacent channels that interfere with each other
rather than to design a recerver capable of picking up the
weakest channels. Another rule of thumb in choosing inter-
mediate frequencies 1s to choose the first intermediate fre-
quency at twice the highest input frequency anticipated. This
1s to reduce the possibility of spurious second order inter-
modulation distortion. Depending upon a system perior-
mance desired, this rule can even be more restrictive, requir-
ing an IF at greater than three times the highest input
frequency. Thus, it may be seen that a wide variety of pertor-
mance requirements exist 1n a receiver circuit, and that the
range of choices for a given criteria may be utilized by those
skilled 1n the art to produce a unique design that meets the
challenges posed by an increasing trend towards integration.

When more than one IF 1s present 1n a recerver there 1s an
image frequency associated with each IF that must be con-
sidered 1n the design. A good recerver provides an 1mage
rejection greater than 70 dB.

One of the first considerations in frequency planning a
superheterodyne receiver 1s the selection of IF conversions. A
frequency range of the local oscillator needs to be determined
to establish the locations of spurious responses of various
orders. Two choices are possible for each of two possible LO
frequency and the selection 1s not subject to an easy gener-
alization. The two available frequencies are the absolute
value of the quantity If,-+1,-I=1; ,. Selection depends on RF
bands chosen to be received and frequencies present 1n these
bands, the availability of fixed bandwidth filters at a desired
IF and constraints imposed upon an engineer by the limita-
tions of a material that will be used to fabricate a receiver.

Receiver planning 1s a process that 1s centered upon 1ire-
quency planning and receiwver level diagrams. After mitial
frequency selections for a frequency plan are made, a recerver
level plan 1s used to calculate noise figures, 1intercept points
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(IP) and levels of spurious responses. Each 1s evaluated 1n
light of design requirements. After each set of selections
performance 1s evaluated and a next set of parameter selec-
tions 1s made until an appropriate compromise 1n receiver
performance 1s achieved.

Once frequency planning and a level diagram yield a sat-
isfactory design solution these tools are used to guide a
detailed recerver design. Once parameters of a section of a
receiver are defined, an engineer can use various circuit
implementations to achieve a stated design goal. For example
a frequency plan and level diagram may require a band pass
filter with certain characteristics such as bandwidth, center
frequency and insertion loss. The engineer would then either
pick a single filter that meets all of these requirements or
cascade one or more filters such that a composite response
will yield the required design value.

Needless to say experience and knowledge of available
technology plays a large part in achieving a successiul
receiver design blueprint. An engineer must have arough idea
of component availability and design methodologies that will
yield a certain performance. If the engineer specifies a portion
of the receiver that has performance characteristics that are
not achievable with available components or design methods,
then an impractical and unproduceable design has been pro-
posed requiring replanming the architecture of the recerver.

A design process and a result achieved 1s very dependent
upon technology available, materials and methodologies
known at the time. New improvements 1n design techniques,
computer simulation, processing and a push for increased
miniaturization continually fuel achievement of new and
inovative recerver designs to solve technological problems.

Once frequency conversions have been chosen and a
receiver designed, with the distortion products created in the
receiver found acceptable, the next step in recerver design 1s
to design circuitry that will generate one or more local oscil-
lator signals. These signals could be provided by a source that
1s external to a chup. However, this would not be practical in
secking to miniaturize an overall receiver design. A better
approach 1s to generate the local oscillator frequencies near
the recerver. In reducing an entire recerver onto a single chip,
problems in maintaining signal purity, and stability are
encountered.

An mnovation that has allowed increased miniaturization
in recerver design 1s the development of frequency synthesis.
Local oscillator signals are required in receivers utilizing
frequency conversion. These signals must be tunable and
stable. A stable frequency is easily produced by a quartz
crystal at a single frequency. A tunable frequency can be
produced by an LC type oscillator. However, this LC oscilla-
tor does not have suilicient stability. Additionally using a
large number of crystals to generate a range of local oscillator
signals, or inductors required 1n an LC oscillator do not allow
an easily miniaturized design. Frequency synthesis 1s space
eificient.

Vanable frequency local oscillator signals used 1n a
receiver must be generated by appropriate circuits. These
frequency synthesis techniques derive variable LO signals
from a common stable reference oscillator. A crystal oscilla-
tor has a stable frequency suitable for use 1n a synthesizer.

Oscillators may provide a fixed or a variable output fre-
quency. This fixed or variable frequency may be used for
frequency conversion in a recerver as a local oscillator that 1s
used to mix a recerved radio frequency (RF) imnput down to an
intermediate frequency or a base band signal that 1s more
casily processed 1n the following circuitry. Another way that
a recerved signal can be converted down to a base band or
intermediate frequency signal 1s by using frequency synthe-
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s1zer outputs as local oscillator signals to mix the signal down.
Synthesizers provide accurate, stable and digitally program-
mable frequency outputs, without the use of multiple oscilla-
tors to tune across a band. Accuracy 1s maintained by using
teed back.

Three general techniques are used for frequencies synthe-
s1s. Direct synthesizers use frequency multipliers, dividers
and mixers. Indirect synthesizers use phase-locked loops.
Direct digital synthesizers use digital logic combined with a
digital to analog converter to provide an analog output. Some
designs combine the three techniques.

A direct synthesizer will use a frequency reference such as
a crystal oscillator as disclosed 1n FIG. 5 to generate a refer-
ence frequency. To achieve a desired output frequency, the
reference frequency 1s multiplied through a series of multi-
pliers. Dividers may be used similarly to reduce the frequency
output to the desired lesser value. Additionally, two signals
generated from the chain of multipliers and dividers can be
fed into a mixer to generate a third frequency. The mix and
divide direct synthesis approach permits the use of many
identical modules that produce fine resolution with low spu-
rious output.

Indirect synthesis can take several forms. It can use divide
by N to produce one or more of the digits, and mix and divide
with loops imbedded among circuits. In each form of fre-
quency synthesizer, the loops contained 1n it are governed by
a dertvative of a reference frequency. Indirect synthesis can be
used to generate a frequency of

Circuits of this type are often used as local oscillators for
digitally tuned radio and television recervers.

Indirect synthesizers make use of a number of phase locked
loops (PLLs) 1n order to create a variety of frequency outputs.
Each loop present 1n the system makes use of a common
frequency reference provided by a single oscillator. Fre-
quency synthesizers provide the advantage of being digitally
programmable to a desired frequency as well as providing an
extremely stable frequency.

Frequency stability 1n a synthesizer 1s achieved with phase
locked loops. A phase locked loop 1s programmed to generate
a desired frequency. Once 1t approximates the frequency, the
frequency 1s divided down to the value of a reference fre-
quency, provided by an external oscillator, and compared to
that reference frequency. When the difference reaches zero
the phase locked loop stops tuning and locks to the frequency
that it has just produced. The frequency reference used to tune
the phase locked loop 1s typically provided by a single fre-
quency oscillator circuit.

Frequency synthesizers in a radio frequency recerver often
incorporate two phase locked loops. One PLL 1s used to
provide coarse tuning within the frequency band of interest
while the second PLL provides fine tuning steps.

In using this scheme, a coarse tuning must be such that a
desired channel will initially fall within the selectivity of the
receiver to produce a signal output. It would be an advantage
in recerver design if tuming speed could be increased so that
iitially several channels would fall within the selectivity of
the recerver. Tuning 1n this manner would allow an output to
be created with an extremely coarse tuning range that could
be dynamically adjusted. Currently this type of tuning 1s not
seen 1n the state of the art.
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Typically PLLs use a common reference frequency oscil-
lator. Local oscillator signals produced by a frequency syn-
thesizer’s phase locked loops inject noise produced in the
reference frequency oscillator and the PLLs into a the signal
path by way of a PLL output.

A range of output frequencies from a synthesizer can span
many decades, depending on the design. A “resolution” of the
synthesizer 1s the smallest step in frequency that can be made.
Resolution 1s usually a power of 10. A “lock up time™ of the
synthesizer 1s the time 1t takes a new frequency to be produced
once a command has been made to change frequencies.

The more accurate the frequency required the longer the
lock up time. The reduction of the lock up time 1s a desirable
goal 1n synthesizer design. A modern trend 1s to use frequency
synthesis 1n wide band tuners. To tune across a wide band
width quickly the lock up time must be minimized. Current
state of the art tuning times for jumps 1n frequencies can be as
short as several microseconds. This 1s difficult to do when the
required increment 1n frequency adjustment 1s small. In the
state of the art indirect synthesis 1s capable of producing multi
digit resolution. However, indirect synthesis 1s not capable of
providing micro second switching speeds. For faster switch-
ing speeds direct analog and direct digital technologies are
used. Therefore, 1t 1s desirable to construct an indirect fre-
quency synthesizer that provides high resolution and
improved switching speed.

The present embodiments of the invention allow all chan-
nel selectivity and 1mage rejection to be implemented on an
integrated circuit. Integration 1s a achievable by utilizing dii-
ferential signal transmission, a low phase noise oscillator,
integrated low Q filters, filter tuning, frequency planning,
local oscillator generation and PLL tuning to achieve a pre-
viously unrealized level of recetver integration.

The embodiments of the invention advantageously allow a
LC filters to be integrated on a recerver chip, resulting 1n an
integrated circuit that contains substantially the entire
receiver. By advantageously selecting a frequency plan, and
utilizing the properties of complex mixers, an architecture 1s
achieved that allows LC filters to be integrated on a recerver
chip so that acceptable performance 1s produced when con-
verting a received signal to one having a lower frequency that
1s easily processed.

The embodiments utilize particular aspects of an arbitrarily
defined mput spectrum to first shiit the received frequencies
to a higher frequency in order that interference may be more
casily eliminated by filtering and then shifting the spectrum to
a nominal IF for processing. This first shufting process advan-
tageously shifts mnterfering image signals away from a center
frequency of a first LC filter bank so that the LC filter bank 1s
more effective 1n reducing the interfering signal strength. To
turther reduce the interfering signal strength, multiple LC
filters that are tuned to the same frequency are cascaded,
further reducing the interfering signal strength.

To reduce degradation of the desired signal the exemplary
embodiments of the invention utilize a complex mixing stage
following an LC filter bank to reduce the 1mage frequency
interference by an additional amount that might be necessary
to meet a particular image rejection target (1.e., an about 60 dB
to 65 dB rejection target). A complex mixer creates a signal as
a result of 1ts normal operation that cancels an 1mage fre-
quency interference by the remaining amount needed to
achieve satisfactory performance with LC filters.

The ultimate goal of a receiver 1s to reduce the frequency of
an mcoming signal to a frequency that 1s lower than received,
so that processing of the desired signal can be easily achieved.
The receiver architecture utilizes two frequency down con-
versions to achieve this goal. Each frequency conversion 1s
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susceptible to interference that requires filtering. Frequency
planning as described above used in conjunction with LC
filters and complex mixers, provides the required 1image dis-
tortion rejection that allows LC filters to be used advanta-
geously 1n an integrated recerver.

Radio receivers require one or more local oscillator (LO)
signals 1in order to accomplish frequency conversion to an
intermediate (IF) frequency. In a typical receiver these local
oscillator signals must be stable and free from noise. When a
receiver 1s fabricated as an integrated circuit, the chances of
injecting noise via the LO signals increases. Local oscillator
signals for a recerver are typically generated 1n close proxim-
ity to the frequency conversion circuitry. The close proximity
of this frequency generation circuitry to the signal path cre-
ates an increased likelihood of noise being radiated or con-
ducted to cause interference with the recerved signal.

In order to achieve improved noise immunity the exem-
plary embodiments of the invention may utilize circuitry to
generate the local oscillator signals that possess superior
noise performance. The local oscillator signals may also be
advantageously transmitted differentially to the mixers
present on the itegrated circuit. It should be noted that in
alternate embodiments of the invention that a single ended
output can be produced from the differential signal by various
techniques known 1n the art. This technique 1s used advanta-
geously whenever external connections to the recerver are
required that are single ended.

Oscillator

An exemplary embodiment of the present invention uti-
lizes a differential oscillator having low phase noise or jitter
and high 1solation, as a frequency reference that substantially
increases the performance of a tuner architecture integrated
onto a single silicon substrate.

In accordance with the present invention, a crystal oscilla-
tor circuit 1s provided and constructed so as to define a peri-
odic, sinusoidal, balanced differential signal across two sym-
metrical terminals of a crystal resonator which are coupled in
a parallel configuration across symmetrical, differential ter-
minals of a differential oscillator circuait.

The differential oscillator circuit 1s configured such that it
1s constructed of simple active and passive components which
are easily implemented 1n modern integrated circuit technol-
ogy, thus allowing the differential oscillator circuit to be
accommodated on a monolithic integrated-circuit chip for
which the crystal oscillator (as a whole) 1s providing a suit-
able, stable periodic timing reference signal. Similarly, and 1n
contrast to prior art implementations, only the resonating
crystal (crystal resonator or quartz crystal resonator) 1s pro-
vided as an off-chip component. This particular configuration
allows for considerable savings in component parts costs by
partitioning more and more functionality 1nto the integrated
circuit chip.

Remote (off chip) mounting of the crystal resonator
requires that electrical contact between the crystal resonator
and the associated oscillator circuit, be made with intercon-
necting leads of finite length. In integrated circuit technology,
these interconnecting leads are typically implemented as cir-
cuit pads and conductive wires formed on a PC board sub-
strate to which package leads are bonded (soldered) in order
to effect electrical connection between the crystal resonator
and an associated oscillator circuit. External electrical con-
nections of this type are well known as being susceptible to
noise and other forms of interference that might be radiated
onto the interconnecting leads and, thence, into the oscillator
circuit, degrading its overall noise performance.

A sinusoidal signal source, having a differential output
configuration, defines a pair of periodic sinusoidal signals,
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with the signal at one output terminal defined as being 180°
out of phase with a similar periodic, sinusoidal signal appear-
ing at the other output terminal. Classical differential signals
are termed “balanced” 1n that both signals exhibit equal peek-
to-peek amplitudes although they exhibit a 180° phase rela-
tionship. As illustrated 1n the simplified timing diagram of
FIG. 6, differential signals have a particular advantage 1n that
common-mode interference, that 1s injected on either termi-
nal, 1s canceled when the signal 1s converted to single-ended.
Such common mode interference 1s typically of equal ampli-
tude on each pin and 1s caused by radiation into the circuit
from external sources or 1s oiten generated 1n the circuit itself.
In FIG. 6, a positive sinusoidal signal, denoted signal-P oscil-
lates about a zero reference, but 1s shifted by a common-mode
interference component, denoted I, ,. Likewise, a negative
sinusoidal signal, denoted at signal-n, also oscillates about a
zero reference, exhibiting a 180° phase relationship with sig-
nal-p, and 1s also offset by a common mode interference
component denoted I -, ..

A superposition of the positive and negative periodic sig-
nals 1s illustrated 1in the timing diagram denoted “composite”,
which clearly illustrates that the peek-to-peek difference
between the positive and negative signals remains the same,
even 1n the presence of a common mode iterference compo-
nent I, .

Turning now to FIG. 7, there 1s depicted a semi-schematic
block diagram of a periodic signal generation circuit includ-
ing a ditferential crystal oscillator driving a differential linear
builfer amplifier. Advantageously, the present invention con-
templates differential signal transmission throughout its
architecture to maintain the purity of the derived periodic
signal and to minimize any common mode mterference com-
ponents 1njected 1nto the system. In particular, the present
invention incorporates diflerential signal transmission 1n the
construction of a differential crystal oscillator circuit, includ-
ing a crystal resonator and its associated oscillator driver
circuit. Differential signal transmission 1s maintained
through at least a first linear buffer stage which functions to
1solate the differential oscillator circuit switch transients and
other forms of noise that might be generated by follow-on
digital integrated circuit components.

In FIG. 7, a differential crystal oscillator circuit 1s config-
ured to function as a source of stable, synchronous and peri-
odic signals. According to the illustrated embodiment, a dii-
ferential crystal oscillator 710 suitably incorporates a
resonating crystal 712 and a pair of symmetrical load capaci-
tors 714 and 716, cach load capacitor respectively coupled
between ground potential and one of the two symmetrical
output terminals of the resonating crystal 712.

Resonating crystal 712 1s coupled between difierential ter-
minals of a differential oscillator driver circuit 718, in turn
connected to differential inputs of a differential linear butfer
integrated circuit 720. The symmetrical terminals of the reso-
nating crystal 712 are coupled across diflerential terminals of
the resonator and linear buffer, with a first terminal of the
crystal being shunted to ground by the first shunt capacitor 14.
The second terminal of the crystal 1s shunted to ground by the
second shunt capacitor 716.

The oscillator driver circuit portion of the differential crys-
tal oscillator 710 functions, in cooperation with the crystal
resonator 712, to define a pure sinusoidal and differential
signal across the crystal’s symmetrical terminals. As will be
developed in greater detail below, this pure sinusoidal and
differential signal 1s then used by the linear buifer 720 to
develop an amplified representation of periodic signals syn-
chronized to the crystal resonant frequency. These amplified
signals are also contemplated as differential inform and are
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eminently suitable for driving digital wave shaping circuitry
to define various digital pulse trains useable by various forms
of digital timing circuitry, such as phase-lock-loops (PLLs),
frequency tunable digital filters, direct digital frequency syn-
thesizers (DDFS), and the like. In other words, the system
depicted in FIG. 7 might be aptly described as a periodic
function generator circuit, with the crystal oscillator portion
710 providing the periodicity, and with the butfer portion 720
providing the functionality.

Before entering into a detailed discussion of the construc-
tion and operation of the differential oscillator driver circuit
and differential linear buifer amplifier, 1t will be useful to
describe characteristics of a resonating crystal, such as might
be contemplated for use in the context of the present inven-
tion.

FIG. 8 depicts the conventional representation of a reso-
nating crystal 712 having mirror-image and symmetrical ter-
minals 822 and 824, upon which differential periodic signals
may be developed at the crystal’s resonant frequency. Reso-
nating crystals (also termed crystal resonators) may be
formed from a variety of resonating materials, but most com-
monly are formed from a piece of quartz, precisely cut along,
certain of its crystalline plane surfaces, and so sized and
shaped as to define a particular resonant frequency from the
finished piece. Resonating crystals so formed are commonly
termed “quartz crystal resonators”.

A typical representational model of the equivalent circuit
ol a quartz crystal resonator 712 1s 1illustrated 1n simplified,
semi-schematic form 1n FIG. 9. A quartz crystal resonator can
be modeled as a two terminal resonator, with an LLCR circuit,
incorporating a capacitor C_ in series with an imductor L.,
and a resistor R, coupled 1n parallel fashion with a capacitor
C_ across the two terminals. It will be understood that the
particular component values of the capacitor, inductor and
resistor, forming the LCR filter portion of the circuit, define
the resonant characteristics of the crystal. These design val-
ues may be easily adjusted by one having skill in the art in
order to implement a resonating crystal operating at any rea-
sonably desired frequency.

For example, a particular exemplary embodiment of a crys-
tal resonator might be desired to have a resonant frequency in
the range of about 10 megahertz (MHz). In such a case, the
equivalent circuit of such a crystal might have a typical value
of about 20 femto Farads (1F) for the capacitor C, . The
inductor L, might exhibit a typical value of about 13 milli
Henreys (mH), while the resistor might have a typical value of
about 50 ohms. When used 1n a practical oscillator design,
oscillation will be achieved for values of the capacitor C, that
are less than a design worst case value. In the exemplary
embodiment, worst case values of 7 pico Farads (pF) might be
chosen 1n order to ensure a design that oscillates at the desired
resonant frequency over a wide range of crystal equivalent
circuit values. In a practical application, the typical range of
capacitance values for C, might be from about 3 to about 4 pF.

FIGS. 10 and 11 are graphical representations depicting
response plots of impedance and phase with respect to fre-
quency, respectively, of a crystal resonator circuit constructed
in accordance with the equivalent circuit model of FIG. 9 and
using the values given above for the component C_,L_, R,
and C, parts. FIG. 101s a plot of the real portion of impedance,
in ohms, as a function of the resonator’s frequency and mega
Hertz. FIG. 11 1s a representational plot of the imaginary
impedance component (expressed as phase), again expressed
as a function of frequency 1n mega Hertz. From the represen-
tational plots, 1t can be understood that an exemplary crystal
resonator constructed in accordance with the above values
exhibits a resonant frequency in the range of about 10 MHz.
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Further, simulation results on such a crystal resonator exhibit
a steep rise 1n the real impedance versus frequency plot of
FIG. 10 in the resonance region about 10 MHz. A steep rise 1n
real impedance 1n the resonance region 1s indicative of a high
quality factor, Q, typically exhibited by quartz crystal reso-
nators.

An example of a quartz crystal resonator having the afore-
mentioned characteristics and exhibiting a resonance funda-
mental at about 10 MHz 1s a Fox HC49U, quartz crystal
resonator, manufactured and sold by Fox Electronics of Ft.
Myers, Florida. It should be noted, however, that the specific
values of a quartz crystal resonator, including its resonant
frequency, are not particularly important to practice of prin-
ciples of the mvention. Any type of crystal resonator may be
used as the resonator component 712 of FIG. 7, so long as 1t
1s constructed with generally symmetrical terminals which
can be driven, 1n a manner to be described 1n greater detail
below, by an oscillator driver circuit 718 of FIG. 7 so as to
develop a differential, sinusoidal signal with respect to the
two terminals. Further, the resonator need not oscillate at a
frequency of 10 MHz. The choice of resonant frequency 1s
solely a function of a circuit designer’s preference and nec-
essarily depends on the frequency plan of an integrated circuit
in which the system of the invention 1s used to provide peri-
odic timing signals.

Turning now to FIG. 12, there 1s depicted a simplified
schematic diagram of a differential oscillator driver circuit,
indicated generally at 718, suitable for differential coupling
to a crystal resonator 1n order to develop balanced, differential
sinusoidal signals for use by downstream components.

In the exemplary embodiment of FIG. 12, the differential
oscillator driver circuit 718 1s constructed using common
integrated circuit components and 1s symmetrical about a
central axis. The oscillator driver 718 1s constructed with a
pair of P-channel transistors 1226 and 1228 having their
source terminals coupled in common and to a current source
1230 connected, 1n turn, between the common source termi-
nals and a positive supply potential V . The gate terminals
of each of the P-channel transistors 1226 and 1228 are
coupled to the drain nodes of the opposite transistor, 1.e., the
gate terminal of P-channel transistor 1228 1s coupled to the
drain node of P-channel transistor 1226, and vice versa.

Output terminals are defined at each of the transistor’s
drain nodes, with the drain node of P-channel transistor 1226
defining the “negative” terminal (Von) and the drain terminal
of P-channel transistor 1228 defining the “positive” output
(Vop). Thus, 1t will be understood that the circuit 1s able to
operate diflerentially by cross coupling the transistors 1226
and 1228 1n order to provide feedback.

Because transistors exhibit some measure of gain at all
frequencies, particularly DC, conventional cross coupled
transistors are often implemented as latches 1n digital circuit
applications where large DC components are present. In the
differential oscillator driver circuit 718 of the invention,
latching 1s prevented by removing the DC gain component,
while retaining the system’s high frequency gain, particularly
gain 1n the desirable 10 MHz region.

In order to substantially eliminate the gain component at
low frequencies, a high pass filter 1s interposed between the
gate and output terminals of each symmetrical half of the
circuit. In particular, a high pass filter 1232 1s coupled
between the “negative” output terminal and the gate terminal
of P-channel transistor 1228. Likewise, the high pass filter
1234 1s coupled between the “positive” output terminal and
the gate terminal of P-channel transistor 1226. Further, each
of the high pass filters 1232 and 1234 are coupled between a
virtual ground, 1dentified as Vmid and indicated in phantom
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in the exemplary embodiment of FIG. 12, and the correspond-
ing gate terminal of the respective one of the differential pair
P-channel transistors 1226 and 1228. Fach of the high pass
filters 1232 and 1234 are implemented as RC filters, each
including a resistor and capacitor 1n a series-parallel configu-
ration. Each capacitor 1s series-connected between an output
terminal and the gate terminal of a corresponding differential
pair transistor, while each resistor 1s coupled between a gate
terminal and the virtual ground. Thus, the first high pass filter
1232 includes a capacitor 1236 coupled between the “nega-
tive” terminal and the gate terminal of P-channel transistor
1228. A resistor 1238 1s coupled between the gate of P-chan-
nel transistor 1228 and virtual ground. Similarly, the second
high pass filter 1234 includes a capacitor 1240 coupled
between the “positive” terminal and the gate terminal of
P-channel transistor 1226. A resistor 1242 1s coupled between
the gate ol P-channel transistor 1226 and the virtual ground.

In operation, high pass filter 1232 filters the mput from Von
prior to applying that signal to the gate of its respective
differential pair transistor 1228. In like manner, high pass
filter 1234 filters the mput from Vop prior to applying that
signal to the gate of 1ts respective differential pair transistor
1226. Each of the high pass filters are symmetrically designed
and have component values chosen to give cutoll frequencies
in the range of about 5 MHz. For example, filter capacitors
1236 and 1240 might have values of about 1.5 pF, and filter
resistors 1238 and 1242 might have values in the range of
about 718 Kohms. Which would give a filter yielding the
desired 5 MHz cutoff. It will be thus understood that the
differential oscillator driver circuit 18 will have negligible
gain at DC, while exhibiting its design gain values 1n the
desired region of about 10 MHz.

It should be understood that the component values for high
pass lilters 1232 and 1234 were chosen to give a particular cut
off frequency of about 5 MHz, allowing the oscillator driver
circuit to exhibit full design gain at a resonate frequency of
about 10 MHz. I1 the resonant frequency of the crystal oscil-
lator circuit were required to have a different value, the com-
ponents of the high pass filters 1232 and 1234 would neces-
sarily take on different values to accommodate the different
operational characteristics of the circuit. Accordingly, the
actual component values, as well as the cutoil frequency
value of the exemplary embodiment, should not be taken as
limiting the differential oscillator driver circuit according to
the invention 1n any way. The values and characteristics of the
differential oscillator driver circuit 18 of FIG. 12 are exem-
plary and have been chosen to illustrate only one particular
application.

Because the common mode output signal of a differential
amplifier 1s often undefined, the differential oscillator driver
circuit 718 of FIG. 12 1s provided with a common mode
control circuit which functions to maintain any common
mode output signal at reasonable levels. In particular, a dit-
terential pair of N-channel transistors 1244 and 1246 1s pro-
vided with each having 1ts drain terminal coupled to a respec-
tive one of the Von and Vop output terminals. The differential
N-channel transistors 1244 and 1246 further have their source
terminals tied together 1n common and to a negative supply
potential V__. Their gate terminals are tied together 1n com-
mon and are further coupled, 1n feedback fashion, to each
transistor’s drain node through a respective bias resistor 1248
and 1250. The bias resistors 1248 and 1250 each have a value,
in the exemplary embodiment, of about 100 Kohms, with the
gate terminals of the N-channel differential pair 1244 and
1246 coupled to a center tab between the resistors. This center
tab defines the virtual ground Vmid which corresponds to a
signal midpoint about which the sinusoidal signals Von and
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Vop oscillate. Any common mode component present at the
outputs will cause a voltage excursion to appear at the gates of
the N-channel differential pair 1244 and 1246. In other words,
virtual ground Vmid can be thought of as an operational
threshold for the current mode control differential pair 1244
and 1246. Common mode excursions above or below Vmid
will cause a common mode control differential pair to adjust
the circuit’s operational characteristics so as to maintain
Vmid at a virtual ground level, thus minimizing any common
mode component.

In operation, noise in such a linear differential oscillator
driver circuit 1s filtered mainly by the crystal resonator, but
also by the operational characteristics of the driver circuit. For
example, noise at 10 MHz 1s amplified by the positive feed-
back characteristics of the circuit and will continue to grow
unless it 1s limited. In the exemplary embodiment of FIG. 12,
signals 1n the 10 MHz region will continue to grow in ampli-
tude until limited by a non-linear seli-limiting gain compres-
sion mechanism.

As the amplitude of the amplified signal becomes large, the
effective transconductance g, of the P-channel differential
pair transistors 1226 and 1228 fall off, thus limiting the gain
of the differential amplifier. Amplifier gain falloff waith
increasing gate voltage excursions i1s a well understood prin-
ciple, and need not be described 1n any further detail herein.
However, 1t should be mentioned that as the gain of the
oscillator driver circuit trends to 1 the crystal resonator begins
to self-limit, thus defining a constant output amplitude sinu-
soidal signal. Constancy of the amplitude excursions are
reflected to the control (gate) terminals of the P-channel dif-
ferential pair 1226 and 1228 where the feedback mechanism
ensures stability about unity gain.

It should be understood therefore that the differential oscil-
lator driver circuit 718 1n combination with a crystal resonator
(712 of FIG. 7) function to define periodic, sinusoidal and
differential signals across the terminals of the crystal resona-
tor. The signals are diflerential in that they maintain a 180°
phase relationship. Signal quality 1s promoted because the
exemplary differential oscillator driver circuit 1s designed to
be highly linear with a relatively low gain, thus reducing
phase noise (phase jitter) to a significantly better degree than
has been achieved 1n the prior art. Signal quality and symme-
try 1s further enhanced by the symmetrical nature of the two
halves of the oscillator driver circuit. Specifically, the oscil-
lator driver circuit 1s symmetrical about a central axis and,
when implemented 1n integrated circuit technology, that sym-
metry 1s maintained during design and layout. Thus, conduc-
tive signal paths and the spatial orientation of the driver’s
active and passive components are identical with respect to
the “negative” and “positive” outputs, thereby enhancing sig-
nal symmetry and further minimizing phase jitter.

In accordance with the invention, differential crystal oscil-
lator circuit 1s able to provide a periodic clock signal (ap-
proximately 10 MHz) that exhibits stable and robust timing
characteristics with very low jitter. As depicted 1n the simpli-
fied semi-schematic block diagram of FIG. 13, a particular
exemplary embodiment of a periodic signal generator circuit
incorporates a ditferential crystal oscillator circuit according
to the present invention, including a crystal resonator 12 and
differential oscillator driver circuit 718. A resonant crystal
circuit 12 includes first and second timing capacitors (714 and
716 of F1G. 7) which are not shown merely for convenilence 1n
case ol explanation. The resonant crystal circuit 712 1is
coupled, 1n parallel fashion, across the output terminals of the
oscillator driver circuit 718 which incorporates the active
device circuitry for pumping energy into the circuit in order to
sustain oscillation. This parallel combination 1s coupled, dif-
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terentially, into a linear buffer amplifier 720, which functions
to provide a linear gain factor K to the differential signal
provided by the crystal oscillator circuait.

Linear bufler amplifier 720 provides signal 1solation,
through high input impedance, as well as amplification of the
oscillating (10 MHz) signal produced by the crystal resona-
tor/oscillator driver combination. Linear buffer amplifier 720
1s configured to output differential mode signals character-
1zed by linear amplification of the mput differential signals,
that may then be used to drive one or more additional wave
shaping-type devices, such as nonlinear buifer amplifiers
1352, 1354 and 1356.

In the exemplary embodiment of FIG. 13, the nonlinear
buifers 1352, 1354 and 1356 function 1n order to provide

signal translation (wave shaping) from the differential sign
wave periodic signal present at the output of the linear butier
720 to a digital pulse train at characteristic logic levels suit-

able for driving fall-on digital circuit blocks 1358, 1360 and

1362. In addition to 1ts signal translation function, nonlinear
butifers 1352, 1354 and 1356 also provide a measure of signal
conditioning, transforming the purely sinusoidal signal at
their mputs to a very low jittergetter square wave output.

Following digital circuitry 1358, 1360 and 1362 illustrated
in the exemplary embodiment of F1G. 13 might be any type of
digital circuitry that requires a stable periodic clock, such as
a phase-lock-loop, a tunable filter, a digital frequency synthe-
sizer, and the like. Characteristically, high speed switching
circuits of these types generate a great deal of noise, particu-
larly as a result of ground bounce, switch transients and
ringing. In order to minimize feed through coupling of these
noise sources back to the crystal oscillator circuit, and in
contrast to the prior-art, the system of the present invention
utilizes two stages of bulfering.

In the prior art, signal transformation from a sinusoidal
signal to a square wave output is typically implemented by
using an inverter to square sinusoidal mput signal. A digital
inverter function might be characterized as a nonlinear ampli-
fier of a transformed sinusoidal input signal to a square wave
by providing an extremely high gain, such that the input
signal 1s driven to the rail during amplification (i.e., clipping).
Thus, the output signal of a typical inverter might be charac-
terized as a clipped sine wave. This particular nonlinearity
characteristic of the inverter further provides opportunities
for phase noise to be added to the output signal.

Phase noise (phase jitter) can also be mtroduced when the
slope of a signal wavelorm going through a zero transition 1s
not sharp. Thus, 1n the present invention, phase noise 1s mini-
mized 1n the nonlinear buffer amplifiers 1352, 1354 and 1356
by amplifying the differential signal provided by the crystal
oscillator circuit through the linear amplifier 720 1n order to
increase the amplitude, and thus the slew rate, of the signal
prior to its conversion to a square wave. Phase noise resulting,
from zero crossings of the nonlinear buffer amplifiers 1s
thereby minimized.

Further, 1n a very large scale integrated circuit, there are a
great number of digital logic elements coupled to a common
power supply. Switching of these digital logic elements
causes the power supply voltage to move up and down, caus-
ing digital switching noise. This movement 1n the power
supply induces a jitter component at each iverter that 1s used
as a buller 1n a conventional oscillator circuit. According to
the present invention, maintaining a differential signal
throughout the oscillator circuit, including the wave shaping,
butlers, allows the effects of power supply noise to be sub-
stantially eliminated from the oscillator, thus maintaining
signal quality. In addition, the use of a differential signal
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throughout the oscillator’s architecture allows common mode
noise radiated onto the pins of the crystal resonator to be
rejected.

The number of nonlinear butfers which might be cascaded
in order to produce a suitable clock signal 1s an additional
important feature 1n the design of a low phase noise oscillator
circuit. In conventional oscillator circuits, multiple cascaded
ivertors are used to provide high 1solation of the final,
squared output signal. In such cases, each time the signal
passes through a nonlinear iverter, zero crossing occurs
which offers an additional opportunity for phase noise to be
added to the circuit. In order to minimize phase noise, the
present invention contemplates a single stage of nonlinear
builfering which presents a high input impedance to the linear
butlfer 720 which proceeds 1t. Additionally, the linear buitier
720 1s further provided with a high input impedance to further
1solate the crystal resonator and its associated differential
oscillator driver circuitry from noise loading.

An exemplary embodiment of a linear builer suitable for
use 1n connection with the periodic signal generation circuit
of FI1G. 13 1s 1llustrated in simplified, semi-schematic form 1n
FIG. 14. The exemplary embodiment of FI1G. 14 1llustrates the
conceptual implementation of a differential-in differential-
out amplifier. The differential implementation has several
advantages when considered 1n practical applications. In par-
ticular, maximum signal swing 1s improved by a factor of 2
because of the differential configuration. Additionally,
because the signal path 1s balanced, signals mjected due to
power supply vanation and switch transient noise are greatly
reduced.

The exemplary implementation of a differential-in, differ-
ential-out amplifier (indicated generally at 720) of FIG. 14
uses a folded cascade configuration to produce a differential
output signal, denoted V__ .. Since the common-mode output
signal of amplifiers having a differential output can often be
indeterminate, and thus cause the amplifier to drift from the
region where high gain 1s achieved, 1t 1s desirable to provide
some form of common-mode feedback 1n order to stabilize
the common-mode output signal. In the embodiment of FIG.
14, the common-mode output signal 1s sampled, at each of the
terminals comprising the output V_ . and fed back to the
current-sink loads of the folded cascade.

Differential input signals V, are provided to the control
terminals of a differential input pair 1464 and 1466, them-
selves coupled between respective current sources 1468 and
1470 and to a common current-sink load 1472 to V__. Two
additional transistors (P-channel transistors in the exemplary
embodiment of FIG. 14) define the cascade elements for
current-sources 1468 and 1470 and provide bias current to the
amplifier circuit.

High impedance current-sink loads at the output of the
amplifier 1476 and 1478 might be implemented by cascoded
current sink transistors (IN-channel transistors for example)
resulting in an output impedance in the region of about 1
Mohm. The common mode feedback circuit 1480 might be
implemented as an N-channel differential pair, biased 1n their
active regions and which sample the common-mode output
signal and feedback a correcting, common-mode signal 1nto
the source terminals of the cascoded transistors forming the
current-sinks 1476 and 1478. The cascade devices amplity
this compensating signal 1 order to restore the common-
mode output voltage to 1ts original level.

It should be noted that the exemplary linear amplifier of
FIG. 14 might be implemented as any one of a number of
approprate alternative amplifiers. For example, it need not be
implemented as a fully differential folded cascade amplifier,
but might rather be implemented as a differential-in, difier-
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ential-out op amp using two differential-in single-ended out
op amps. Further, the actual circuit implementation might
certainly vary depending on the particular choices and preju-
dices of an analog integrated circuit designer. The 1nput dii-
ferential pair might be either an N-channel or a P-channel
pair, MOS devices might be used differentially as active resis-
tors or alternatively, passive resistor components might be
provided, and the like. All that 1s required 1s that the linear
amplifier 720 amplifies a differential input signal to produce
a differential, sinusoidal signal at 1ts output. Thus, the only
frequency components retlected back through the linear
amplifier 720 will be sinusoidal 1n nature and thus, will not
aifect the operational parameters of the differential crystal
oscillator frequency. Further, the linear buifer 720 will nec-
essarily have a relatively high output impedance 1n order to
attenuate noise that might be reflected back from the square
wave output of the following nonlinear amplifier stages.

Turning now to FIG. 15, there 1s depicted a simplified
semi-schematic diagram of a nonlinear butler, indicated gen-
crally at 1582, such as might be implemented as a wave
shaping or squaring circuit 1352, 1354 or 1356 of FIG. 13.
The nonlinear buffer 1582 receives a differential, sinusoidal
input signal at the gate terminals of an input differential
transistor pair 1584 and 1586. Drain terminals of the differ-
ential pair 1584 and 1586 are connected together 1n common
and to a current sink supply 1588 which 1s coupled to a
negative potential. Each of the differential pairs” respective
source terminals are coupled to a bias network, including a
pair of differential bias transistors 1590 and 1592 having their
gate terminals tied together 1n common and coupled to a
parallel connected bias network. The bias network 1s suitably
constructed of a resistor 1594 and a current sink 1596 con-
nected 1n series between a positive voltage potential such as
Vdd and Vss. A bias node between the resistor 1594 and
current sink 1596 1s coupled to the common gate terminals of
the bias transistor network 1590 and 1592 and defines a bias
voltage for the bias network which will be understood to be
the positive supply value minus the IR drop across bias resis-
tor 1594. The current promoting the IR drop across the bias
resistor 1594 1s, necessarily, the current I developed by the
current sink 1596.

A differential, square wave-type output (Vout) 1s developed
at two output nodes disposed between the respective source
terminals of the bias network transistors 1590 and 1592 and a
respective pair of pull-up resistors 1598 and 1599 coupled, in
turn, to the positive supply potential. It should be noted, that
the bias network, including transistors 1590 and 1592, func-
tion to control the non-linear amplifier’s common mode
response in a manner similar to the linear amplifier’s common
mode network (transistors 1244 and 1246 and resistors 1248
and 1250 of FIG. 12).

Although depicted and constructed so as to generate a
differential square wave-type output 1n response to a differ-
ential sinusoidal input signal, the non-linear buffer 1582 of
FIG. 15 1s well suited for single-ended applications as well as
for differential applications. If a single-ended output is
desired, one need only take a signal from one of the two
symmetric outputs. The choice of whether to implement the
non-linear butler as a single-ended or a diflerential buifer will
depend solely on the mput requirements of any follow-on
digital circuitry which the periodic signal generation circuit
in accordance with the invention 1s intended to clock. This
option 1s solely at the discretion of the system designer and
has no particular bearing on practice of principles of the
invention.

FIG. 16 1s a semi-schematic illustration of an alternative
embodiment of the differential oscillator driver circuit (718 of
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FIG. 12). From the exemplary embodiment of FIG. 16, 1t can
be understood that the oscillator driver circuit 1s constructed
in a manner substantially similar to the exemplary embodi-
ment of FIG. 12, except that a crystal resonator 1s coupled
across the circuit halves above the differential transistor pair,
as opposed to being coupled across a circuit from the Von to
Vop output terminals. The alternative configuration of FIG.
16 operates 1n substantially the same manner as the embodi-
ment of FIG. 12 and produces the same benefits as the earlier
disclosed oscillator. It 1s offered here as an alternative
embodiment only for purposes of completeness and to 1llus-
trate that the specific arrangement of the embodiment of FIG.
12 need not be followed with slavish precision.

It should be understood that oscillator circuits with low
phase noise are highly desirable 1n many particular applica-
tions. FIG. 17 1llustrates one such application as a reference
signal generator 1n a phase-lock-loop. The phase-lock-loop
uses a low phase noise periodic signal generation circuit in
accordance with the invention 1n order to generate a reference
signal for use by a phase detector. Providing a clean reference
signal to the phase detector 1s fundamental to providing a
clean RF output from the PLL. Since noise and nonlinearities
induced by signal generation circuit are carried through the
PLL circuit, thus degrading the RF output, reducing phase
noise and providing noise rejection early on in the signal
processing chain 1s advantageous to maintaining a clean RF
output. A differential crystal oscillator (710 of FIG. 7) advan-
tageously provides this claim signal by maintaining a ditfer-
ential signal across the terminals of the resonating crystal, an
improvement not currently available 1n state-of-the-art crys-
tal oscillators. Additionally, the use of linear butier amplifiers
followed by nonlinear amplification in a reference oscillator
circuit 1s a unique improvement over the prior art in reducing
phase noise.

Since PLLs have become available 1n integrated circuit
form, they have been found to be useful 1n many applications.
Certain examples of advantageous application of phase-lock-
loop technology include tracking filters, FSK decoders, FM
stereo decoders, FM demodulators, frequency synthesizers
and frequency multipliers and dividers. PLLs are used exten-
stvely for the generation of local oscillator frequencies in TV
and radio tuners. The attractiveness of the PLL lies in the fact
that it may be used to generate signals which are phase-locked
to a crystal reference and which exhibit the same stability as
the crystal reference. In addition, a PLL 1s able to act as a
narrow band filter, 1.e., tracking a signal whose frequency
may be varying.

A PLL uses a frequency reference source in the control
loop 1n order to control the frequency and phase of a voltage
control oscillator (VCO) 1n the loop. The VCO frequency
may be the same as the reference frequency or may be a
multiple of the reference frequency. With a programmable
divider mserted into the loop, a VCO 1s able to generate a
multiple of the input frequency with a precise phase relation-
ship between areference frequency and an RF output. In order
to maintain such a precise phase and frequency relationship,
the frequency reference provided to the PLL must, necessar-
1ly, also be precise and stable.

FIG. 18 1s a simplified block diagram of an illustrative
frequency synthesizer that might incorporate the differential
periodic signal generation circuit of the invention. The fre-
quency synthesizer 1s a signal generator that can be switched
to output any one of a discrete set of frequencies and whose
frequency stability 1s derived from a crystal oscillator circuait.

Frequency synthesizers might be chosen over other forms
of frequency sources when the design goal 1s to produce a
pure frequency that 1s relatively free of spurious outputs.
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Particular design goals 1n frequency synthesizer design might
include suppression of unwanted frequencies and the sup-
pression of noise 1n a region close to the resonant frequency of
the crystal that 1s a typical source of unwanted phase modu-
lation. Synonymous terms for this type of noise are broad-
band phase noise, spectral density distribution ol phase noise,
residual FM, and short term fractional frequency deviation.

To reduce the noise produced 1n a synthesizer, crystal oscil-
lators are commonly used due to their stability and low noise
output. The use of a periodic signal generation circuit incor-
porating a differential crystal oscillator according to an
embodiment of the present invention advantageously
improves these performance parameters. Improved phase
noise 1s achieved through the use of linear buffering followed
by nonlinear amplification, while noise rejection 1s provided
by the differential design utilized throughout the circuitry
architecture.

It should be evident that a periodic signal generation circuit
according to the mvention has many uses 1n modern, state-
of-the-art timing circuits and systems. The periodic signal
generation circuit 1s constructed of simple active and passive
components which are easily implemented 1n modern 1nte-
grated circuit technology. Thus allowing substantially all of
the components to be accommodated on one monolithic inte-
grated circuit chip for which the crystal oscillator portion 1s
providing a suitable, stable periodic timing reference signal.
Only the resonating crystal portion (crystal resonator or
quartz crystal resonator) 1s provided as an off-chip compo-
nent. This particular configuration allows for considerable
savings 1n component parts costs by partitioning more and
more functionality into the integrated circuit chip itself.

A more detailed description of the oscillator 1s provided 1n
U.S. patent application Ser. No. 09/438,689 filed Nov. 12,

1999 (B600:33758) entitled “Dififerential Crystal Oscillator™
by Christopher M. Ward and Pieter Vorenkamp; based on U.S.
Provisional Application No. 60/108,209 filed Nov. 12, 1998
(B600:33588), the subject matter of which 1s incorporated 1n
its entirety by reference. The oscillator’s output 1s a differen-
tial signal that exhibits high common mode noise rejection.
Use of a low noise reference oscillator with differential signal
transmission allows the synthesis of stable low noise local
oscillator signals. Advantageously in the present exemplary
embodiment of the invention a unique generation of the local
oscillator signals allows complete integration of a recerver
circuit on a CMOS 1ntegrated circuit by reducing noise in the
signal path.

Frequency synthesizers and a radio frequency receiver
often incorporate phase locked loops that make use of a
crystal oscillator as a frequency reference. A PLL 1s used to
provide coarse tuning within the frequency band of interest
while a second PLL provides fine tuning steps. Advanta-
geously, the present embodiments of the mvention utilize a
method of coarse/fine PLL adjustment to improve the perfor-
mance of the integrated tuner.

Coarse/Fine PLL Adjustment

FIG. 19 1s a diagram 1llustrating receiver tuning. The com-
bination of a wide band PLL 1908 and a narrow band PLL
1910 tuming provides a capability to fine tune a receiver’s
LOS 1902, 1904 over a large bandwidth 1 small frequency
steps. For the exemplary embodiments of QAM modulation a
small frequency step 1s 100 kHz, and 25 kHz for NTSC
modulation. Fine tuning 1s available over an entire exemplary
50 MHz to 860 MHz impact frequency band width 1906. The
first PLL 1908 tunes a first LO 1902 1n large 10 MHz fre-
quency steps and the second PLL 1910 tunes a second LO
1904 1n much smaller steps. The first intermediate frequency
(IF) filter 1912 has a suiliciently wide band width to allow up
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to 10 MHz frequency error in tunming the first intermediate
frequency, with the narrow band PLL providing final fine
frequency tuning to achieve the desired final IF frequency
1914.

FIG. 20 1s a block diagram of an exemplary tuner 2002
designed to receive a 50 to 860 MHz bandwidth signal 2004

containing a multiplicity of channels. In this exemplary band
ol frequencies, there are 136 channels with a spacing between
channel center frequencies of si1x megahertz 2008. The tuner
selects one of these 136 channels 2006 that are at a frequency
between 50 and 860 MHz by tuming to the center frequency of
the selected channel 2010. Once a channel 1s selected the
receiver rejects the other channels and distortion presented to
it. The selected channel 1s down converted to produce a chan-
nel centered about a 44 MHz intermediate frequency (IF)
2012. Alternatively the value of the mtermediate frequency
ultimately produced by the tuner may be selected utilizing the
method of the mnvention to provide any suitable final IF fre-
quency, such as 36 MHz.

In selecting one of these 136 channels, a maximum {re-
quency error in the local oscillator (LO) frequency used to
tune the channel to a given IF of plus or minus 50 kHz 1s
allowable. Using one frequency conversion to directly tune
any one of the 136 channels to 44 MHz would require a tuning
range 1n the local oscillator of 810 MHz. This would require
a local oscillator that tunes from 94 to 854 MHz, if utilizing
high side conversion.

Achieving this with a single LO 1s impractical. Tuning
range 1n local oscillators 1s provided by varactor diodes that
typically require 33 volts to tune them across their tuning
range. Additionally, within this tuning range a frequency
tuning step of 100 kHz 1s required to ensure that the center
frequency of a tuned channel 1s tuned within plus or minus 50
kHz. Thus, a large range of frequencies would have to be
tuned 1n small increments over a 33 volt tuning signal range.

Returning to FIG. 19 illustrating the frequency tuning
method of the mvention an exemplary 50 to 860 MHz si1gnal
1906 1s presented to a first mixer 1916 that 1s tuned with a
wide band PLL 1908 that tunes a first LO 1902 1n frequency
steps of 10 MHz. This local oscillator 1902 is set to a fre-
quency that will nominally center a channels that has been
selected at a first IF of 1,200 MHz 1918. The first IF 1918 1s
then mixed 1920 to the second IF of 275 MHz 1922. This 1s
done by the narrow band PLL 1910 that tunes a second LO
1904 1n frequency steps of 100 kHz. The second IF 1922 1s
next mixed 1924 down to a third IF 1926 o144 MHz by a thard
local oscillator signal 1928. This third local oscillator signal
1930 1s derived from the second local oscillator or narrow
band PLL signal by dividing 1ts frequency by a factor of four.

FIG. 21 1s an exemplary table of frequencies utilizing
coarse and fine PLL tuning to derive a 44 MHz IF (*IF-37). A
process 1s utilized to determine the wide and narrow band
PLL frequencies. The relationship between the wideband
PLL and narrowband PLL frequencies to yield the desired
intermediate frequency 1s found from:

FLO1-Fsig—(54*FLO2)=Fif (4)

where:
FLO1: PLL1 frequency (10 MHz steps)
FLO2: PLL2 frequency

(e.g., 25 kHz/100 kHz/200 kHz or 400 kHz step)
Fsig: Input signal
Fif (e.g., 44 MHz or 36 MHz or whatever IF 1s required)
Example:

1250M-50M—(>4*924.8M)=44M
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where:

Fs1ig=50 MHz

FLO1=1250 MHz

FILLO2=924.8 MHz

Fi1i=44 MHz

FIGS. 21 and 22 utilized this formula to derive the values
entered 1nto them to tune the exemplary cable TV signals
“Fr1”. For example the first column 2102 of the table lists the
frequencies needed to tune a signal centered at 50 MHz
(“Frf”) to a 44 MHz final IF (*IF-3”). To tune a received
channel centered at 50 MHz a first LO o1 1,250 MHz (“LO-
17”) 1s provided by a wide band, or coarse, PLL. This produces
a first IF of 1,200 MHz (*IF-17). Next utilizing 100 kHz
tuning steps to adjust LO 2, 1t 1s set to 924.8 MHz (“LO-27).
Note this 1s not exactly 925 MHz. Dividing the second LO by
4 1n this mstance vields 231.2 MHz for a third LO (“LO-3).
When LO 3 1s applied to the second IF of 275.2 a third IF of
44 MHz (*“IF-3”) 1s produced. This tuning arrangement 1s
illustrated for received channels having a six MHz channel
spacing as can be seen from the line entitled “Frf”. In each
case the coarse fine tuning approach yields a third IF (*“IF-3")
of 44 MHz.

FI1G. 22 1s an illustration of an alternative embodiment of
the coarse and fine PLL tuning method to produce an exem-

plary final IF of 36 MHz. In this case as previously, a first IF
(IF-1) 1s tuned to 1,200 MHz plus or minus 4 MHz. And

second LO (LO-2) 1s close to 930 MHz, utilizing a small
offset to yield a third IF of 36 MHz (IF-3). These predeter-
mined tuning frequencies are stored 1n a memory and applied
when a command 1s given to tune a given channel. Alterna-
tively an algorithm may be supplied to produce the tuning
frequencies. It 1s understood that these frequencies are exem-
plary and other frequencies that utilize this method are pos-
sible.

Thus, 1t can be seen that the interaction of course and fine
PLL frequencies are utilized to produce a third IF of 44 MHz.
A second LO (LO-2) 1s maintained close to a frequency of
925 MHz to tune each of the channels. However, 1t 1s slightly
off by a very small tuning step of 100 kHz. Note that the first
IF (IF-1)1s not always right at 1,200 MHz. Sometime 1t 1s off
by as much as 4 MHz either above or below 1,200 MHz. This
error will still result 1n signal transmission through a first IF
filter. The maximum error utilizing this scheme 1s plus or
minus 4 MHz.

This method of PLL adjustment 1s described in more detail
in U.S. patent application Ser. No. 09/438,688 filed Nov. 12,
1999, (B600:34015) entitled “System and Method {for
Coarse/Fine PLL Adjustments™ by Pieter Vorenkamp, Klaas
Bult and Frank Carr; based on U.S. Provisional Application
No. 60/108,459 filed Nov. 12, 1998 (B600:33586), the sub-
ject matter of which 1s mcorporated 1n 1ts entirety by refer-
ence.

A coarse, and a fine PLL use a common reference fre-
quency oscillator. Local oscillator signals produced by the
frequency synthesizer’s phase locked loops mject noise pro-
duced 1n the reference frequency oscillator and the PLLs mnto
a signal path through the PLL output. Noise injected can be
characterized as either phase noise or jitter. Phase noise 1s the
frequency domain representation ol noise that, in the time
domain 1s characterized as jitter. Phase noise 1s typically
specified as a power level below the carrier per Hertz at a
given frequency away from the carrier. Phase noise can be
mathematically transformed to approximate a jitter at a given
frequency for a time domain signal. In a clock signal jitter
refers to the uncertainty in the time length between zero
crossings of the clock signal. It 1s desirable to minimize the
ntter produced 1n an oscillator circuit and transmitted through
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the signal chain into the signal path to prevent noise degra-
dation 1n the receiver path. Equivalently, any oscillator pro-
ducing a stable output frequency will suilice to produce a
reference frequency for the PLL circuitry.

Another obstacle to integrating an entire recerver on a
single CMOS chip has been the inability to fabricate a satis-
factory filter structure on the chip. As previously described, a
multitude of unwanted frequencies created through circuit
non linearities are a major obstacle in achieving satistactory
receiver performance. Filtering 1s one method of eliminating,
these unwanted spurious signals. An integrated filter’s center
frequency tends to drift, and needs calibration to maintain
performance. To successiully use filtering on chip, an auto
calibration loop 1s needed to center the filter response.

FIG. 23 1s a block diagram of a dummy component used to
model an operative component on an integrated circuit chips.
According to one aspect of the mnvention, a dummy circuit on
an integrated circuit chip 1s used to model an operative circuit
that lies 1n a main, e.g. RF, signal path on the chip. Adjust-
ments are made to the dummy circuit 1n a control signal path
outside the main signal path. Once the dummy circuit has
been adjusted, its state 1s transierred to the operative circuit in
the main signal path. Specifically, as shown in FI1G. 23, there
1s a main signal path 2201 and a control signal path 2202 on
an integrated circuit chip. In main signal path 2201, a signal
source 2203 1s coupled by an operative circuit 2204 to be
adjusted to a load 22035. Main signal path 2201 carrnies RF
signals. Signal source 2203 generally represents the portion
of the integrated circuit chip upstream of operative circuit
2204 and load 22035 generally represents the portion of the
integrated circuit chip downstream of operative circuit 2204.
In control signal path 2202, a control circuit 2206 1s con-
nected to a dummy circuit 2207 and to operative circuit 2204.
Dummy circuit 2207 1s connected to control circuit 2206 to
establish a feedback loop. Dummy circuit 2207 replicates
operative circuit 2204 1n the main signal path 1n the sense that,
having been formed 1n the same integrated circuit process as
operative circuit 2204, 1ts parameters, €.g., capacitance,
inductance, resistance, are equal to or related to the param-
cters of operative circuit 2204. To adjust operative circuit
2204, a signal 1s applied by control circuit 2206 to dummy
circuit 2207. The feedback loop formed by control circuit
2206 and dummy circuit 2207 adjusts dummy circuit 2207
until 1t meets a prescribed criterion. By means of the open
loop connection between control circuit 2206 and operative
circuit 2204 the state of dummy circuit 2207 1s also trans-
terred to operative circuit 2204, either on a one-to-one or a
scaled basis. Thus, operative circuit 2204 1s indirectly
adjusted to satisiy the prescribed criterion, without having to
be switched out of the main signal path and without causing
disruptions or perturbations in the main signal path.

In one implementation of this dummy circuit technique
described below in connection with FIGS. 24a-c¢ and FIGS.
25-27, operative circuit 2204 to be adjusted 1s a bank of
capacitors 1n one or more operative bandpass filters 1n an RF
signal path, dummy circuit 2207 1s a bank of related capaci-
tors in a dummy bandpass filter, and control circuit 2206 1s a
phase detector and an on-chip local oscillator to which the
operative {ilter 1s to be tuned. The output of the local oscillator
1s coupled to the dummy filter. The output of the dummy filter
and the output of the local oscillator are coupled to the mputs
of the phase detector to sense the difference between the
frequency of the local oscillator and the frequency to which
the dummy {filter 1s tuned. The output of the phase detector 1s
coupled to the dummy filter to adjust its bank of capacitors so
as to tune the dummy filter to the local oscillator frequency.
After the dummy filter 1s tuned, the state of its capacitor bank
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1s transferred, either on a one-to-one or scaled basis, to the

operative filter. Since the capacitor bank 1n the dummy filter
replicates that of the operative filter, the frequency to which
the operative filter 1s tuned can be easily scaled to the fre-
quency of the dummy filter.

In another implementation of the dummy circuit technique
described below 1n connection with FIGS. 28 to 33, operative
circuit 2204 to be adjusted 1s a filter having a spiral inductor
that has a temperature sensitive internal resistance. Dummy
circuit 2207 has an 1dentical spiral inductor. Control circuit
2206 has a controllable variable resistor in series with the
inductor of dummy circuit 2207. The controllable resistor 1s
driven by a feedback loop to offset changes in the internal
resistance of the inductor of dummy circuit 2207. Operative
circuit 2204 has a similar controlled resistor 1n series with 1ts
inductor to transier the resistance value of the controllable
resistor 1 control circuit 2206 to the resistor of the operative
circuit 2204 in open loop fashion.

Filter Tuning,

FIG. 23a 1s a block diagram illustrating the use of a tuning,
circuit outside of a signal path to tune bandpass filters present
in a receiver. A tuming circuit 2302 utilizes a substitute or
“dummy” filter stage 2310 to derive tuning parameters for a
filter bank 2304 present 1n a signal path 2306. The tuning
circuit utilizes a local oscillator signal 2308 available in the
receiver to tune the dummy filter 2310 to the center frequency
of the local oscillator. Once tuned, the dummy filters 2310
tuned component values that result 1n a tuned response at the
local oscillator frequency are scaled 1n frequency and applied
to the bandpass filter 2312. The ﬁlters are tuned at startup, and
the tuning circuitry 1s turned oif during normal operation.
This prevents the 1njection of additional noise into the signal
path during operation.

FI1G. 235 1s a flow diagram of the tuning process in opera-
tion recerver 1s mitially powered up 2312 and local oscillator
signals generated by PLLs are centered at their design fre-
quency 2314. Once the PLLs are locked their frequency 1s a
known condition. Next substitute filter tuning 1s 1nitiated
2316 and performed. When finished a signal 1s recerved back
from the filter tuning network indicating that 1t 1s ready 2318.
Information from the tuning network 1s copied to the receive
path filter circuit 2320. Next the filter tunming circuit 1s turned
o1 2322 disconnecting it from the filter circuit. In the embodi-
ments of the mvention the narrow band PLL (2308, of FIG.
23a) 1s used as reference frequency in the tuning circuit.
However, it 1s understood that this tuning technique may be
utilized with any readily available signal.

Returning to FIG. 23¢a, 1n an exemplary embodiment of the
invention a 925 MHz Slgnal 1s directly available from the
narrow band PLL 2308. It is used to tune the dummy filter
2310 contained 1n the tuning circuit 2302 associated with the
1,200 MHz filter 2304. After the dummy {ilter 1s tuned to 925
MHz, frequency scaling 1s used to obtain the proper compo-
nent values for the 1,200 MHz filter response to be centered.
The exemplary 925 MHz signal generated by the narrow band
PLL 1s divided by 4 to yield a 231 MHz third LO signal
utilized 1n additional tuning circuitry.

Other divisions or multiplications may be equivalently
used to tune dummy filters. A second exemplary filter tuning,
circuit 2302 fora 275 MHz filter contains a dummy filter 2310
that 1s tuned to a center frequency of 231 MHz. Once tuned,
the component values used to center the 231 MHz dummy
filter 2310 are scaled to yield a centered response for the 275
MHz filter 2304. At this point in time the tuning circuits 2302
are switched off. It 1s especially important to turn off the
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exemplary tuning circuits on the 275 MHz filter since the 231
MHz signal used to tune 1ts dummy filter falls 1n an exemplary
50-860 MHz band.

It 1s to be understood that any available frequency may be
used to tune a substitute filter so that another filter, that does
not have an appropriate tuming signal present, may be tuned.
This 1s done by scaling the component values of the tuned
dummy filter to values appropriate for the filter not having the
tuning frequency present. Tuning values obtained for a
dummy filter may be applied to all filters present 1n a bank of
filters having a common center frequency. Also tuning values
obtained for a dummy filter may be applied to multiple filters
present having differing center frequencies by applying dii-
tering scaling factors. Finally multiple filters at different loca-
tions 1n a signal path that have common center frequencies
may be tuned by a common tuning circuit.

Capacitors disposed on an integrated circuit vary 1n capaci-
tance value by as much as +/-20%. Thus, to provide a satis-
factory receiver performance a method of tuning integrated
filters that removes this variation in capacitance 1s needed. In
an LC filter circuit either an inductance or a capacitance can
be tuned. However, inductors are difficult to tune. Therefore,
in the embodiments of the mvention values of capacitance
present in the filters are tuned. In tuning the exemplary
embodiments, one or more capacitors are switched in and out
of an LC filter circuit to tune 1t.

These capacitors are switched in and out of a filter circuit
clectronically. Capacitors with the same dimensions are pro-
vided 1n a bandpass filter and a dummy filter to provide
satisfactory matching between the devices. Switchable caps
in the embodiments of the imnvention are MOS caps that are all
of the same value and from factor. However, 1t 1s to be recog-
nized that other weighting of capacitor values could be pro-
vided to achieve an equivalent function. For example, binary
or 1/x weighted values of capacitors could be disposed in each
filter to provide tuning. In the embodiments of the invention a
bank of fixed capacitors and a bank of electronically tunable
capacitors are provided. The adjustable capacitors 1n the
exemplary embodiment represent 40% of the total capaci-
tance provided. This 1s done to provide for the +20% variance
in center frequency due to manufacturing variances. To
accommodate other ranges ol manufacturing variations or
alternative tuning schemes any fraction or all of the capacitors
may be switchable. It 1s also understood that any type of
switchable capacitor, 1n addition to a MOS capacitor type
may be utilized.

FIG. 24 1s an exemplary illustration of a tuning process
utilizing switched capacitors. Filter responses shown at the
bottom plot 2402 1llustrate a tuning of a dummy filter 2310
that 1s contained in a tuning circuit 2302 of FIG. 23a. A
frequency response being tuned in the upper graph 2404
shows the tuning of the exemplary 1,200 MHz bandpass filter
2304 of FIG. 234a. Initially none of the switched capacitors are
applied 1n a dummy filter circuit. This places the filter
response initially 2406 above the final desired tuned response
frequency 2408. In this example capacitors are added until the
filter response of the dummy filter 1s centered about 925 MHz.
However, the tuned response of the 925 MHz dummy filter
2408 1s not the desired center frequency of the bandpass filter
in the signal path. The values used 1n to tune the dummy filter
would not tune the 1,200 MHz filter to the correct response.
Frequency scaling 1s used to tune the desired response. This
can be achieved because 1dentical capacitors disposed on a
chip are very well matched in value and parasitics. In particu-
lar capacitor matching i1s easy to achieve by maintaining
similar dimensions between groups of capacitors. In scaling a
response to determine a capacitance to apply 1n a bandpass
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filter, 1dentical inductance values have been maintained in the
dummy and bandpass circuits. Thus, only a scaling of the
capacitors 1s necessary. The frequency relation in the exem-
plary embodiment 1s given by the ratio:

(5)

1 \/ (L2)(C
2 T L)(C

For this particular embodiment utilizing i1dentical inductor
values L,=L,. This reduces to:

Y
£ N (€D

For the exemplary embodiment this 1s equal to 925/1200, or a
capacitance ratio of 3:5. However, 1t 1s understood that other
ratios will allow tuning to be performed equivalently.

Returming to FI1G. 23a various control signals applied to the
tuning circuit are shown. In the event that the tuning 1s slightly
off after the tuning procedure, an offset control circuit i1s
provided within the tuning circuit of FIG. 23 to move the
tuning of the filters up or down slightly by providing a manual
means of adding or removing a capacitor. This control 1s
shown by an “up/down” control line 2324 of FI1G. 23a. The
exemplary tuning circuit of FIG. 23 1s additionally provided
with a “L0O” 2308 tuning frequency to tune the dummy filter.
The “10 MHz reference” signal 2326 1s utilized as a clock 1in
the tuming circuit that controls the sequence of adding capaci-
tors. The “reset” signal 2328 resets the tuning circuit for the
next tuning cycle.

FI1G. 25 1s a block diagram of an exemplary tuning circuait.
A reset signal 2502 1s utilized to eliminate all the capacitors
from the circuit at power up by resetting a counter 2504 that
controls the application of the switched capacitors. The reset
signal may be iitiated by a controller or generated locally.
This provides a known starting point for filter tuning. Next a
filter figure of merit 1s examined to determine iteratively
when to stop tuning.

FIG. 26 illustrates the amplitude 2602 and phase 2604
relationship in an LC filter tuned to 1ts center frequency, ic. In
tuning a filter to a center frequency two responses are avail-
able for examination. Amplitude and phase response are
parameters that may be used to tune the filter. For a wide band
LC filter amplitude response 2602 is not the optimal param-
cter to monitor. At the center frequency the top of the response
curve 1s tlat making it difficult to judge 11 the response is
exactly centered. The phase response 2604 however, has a
rather pronounced slope at the center frequency. The steep
slope of the phase signal provides an easily discernable tran-
sition for determining when the center frequency has been
reached.

Returning to FIG. 25, phase detection 1s used to detect
when a dummy filter 2506 has been tuned. An exemplary 925
MHz input from a narrow band PLL 1s input 2508 to a phase
detector 2510. The phase detector compares the phase of a
signal input to a dummy filter 2508 to a phase of the output
2512 of that filter 2506. The phase detector produces a signal
that 1s internally low pass filtered to produce a DC signal 2514
proportional to the phase difference of the two mput signals
2512, 2508. When tuned there 1s a 90 degree phase shiit
across capacitors internal to the phase detector, that corre-
sponds to O degrees of phase shift across the filter. Zero (0)
degrees of phase shift produces a volt output. Since it 1s
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known that with the capacitors switched out of the filter
circuit 2506 that the center frequency of the filter 1s high, the
comparator 2516 following the low pass filter 1s designed to
output 2518 a high signal that enables filter capacitors to be
switched in until the phase detector 2510 1ndicates no phase
difference 1s present across the filter 2506 at the tuned fre-
quency. With a zero degree phase shift detected the compara-
tor 2516 disables the counter preventing any further capaci-
tors from being switched 1nto the filter circuit.

The phase detector 2510 of the exemplary embodiment
utilizes a gilbert cell mixer 2512 and an integral low pan filter
2525 to detect phase. However, other phase detectors may be
equivalently substituted for the mixer circuit. The 90° phase
shift between an 1 port 2508 and a q port 2512 1s being
detected by the mixer. A 90° phase shiit between the 1 and the
q signals 1n the mixer provides a O volt output indicating that
those signals are 1n quadrature relation to each other. The
signals are shown as differential signals, however single
ended signals may equivalently be used.

The phase detector out 2514 1s next fed into a comparator
2516 that 1s set to trip on a zero crossing detected at 1ts input.
When a zero crossing 1s encountered as the phase detector
output approaches zero, the comparator latches and a counter
2504 1s shut off and reset 2518. The comparator function 1s
equivalently provided by any standard comparator circuit
known by those skilled in the art.

The counter 2504 counts based on the 10 MHz reference
clock 2524, although many periodic signals will suifice as a
clock. As the counter advances more filter capacitors are
switched into the circuit. In the embodiments of the invention
15 control lines 2526 are used to simultaneously switch the
capacitors into the dummy filter and the bandpass filter bank.
The control lines remain hard wired to both filters 2528, 2506,
and are not switched off. However, once the comparator 2516
shuts the counter 2504 off the tuming circuit 2530 1s 1nactive
and does not atfect the band pass filter 2520 1n the signal path.

FIG. 27 1s a schematic diagram showing the internal con-
figuration of switchable capacitors 1n a differential signal
transmission embodiment of the dummy filter 2506 and the
construction of the phase detector 2510. A set of fifteen con-
trol lines 2526 are utilized to switch fifteen pair of MOS
capacitors 2702 on and off. The capacitors are switched in and
out by applying a given control signal to a virtual ground point
2704 1n this configuration. Thus, when the capacitors are
connected as shown the control signal 1s being applied at a
virtual ground. Thus, parasitic capacitances at this point will
not atiect the filter 2506 performance. A gain producing L.C
stage 2706 of the dummy filter 1s of a differential configura-
tion and has its LC elements 2708 connected 1n parallel with
the MOS capacitors 2702.

Thus, with a capacitance ratio of 3:5 being utilized 1n the
exemplary one line of embodiment a hard wired bus 2526
going to the dummy filter 2506 will switch 1n 5 unit capaci-
tors, while the other end of the line that goes to the bandpass
filter (2528 of FIG. 25) 1n the signal path will switch 1n 3 unit
capacitors.

In the mixer circuit that 1s used as a phase detector 2710 1n
the exemplary embodiment, differential image (*1”) signals 1 .
and I,,and differential quadrature (*q”) signals Q, and Q,,are
input to the phase detector. A conventional Gilbert cell mixer
configured as a phase detector 2710, as shown, has delay
between the 1 port 2508 and g port 2512 to the output 2514.
The 1 delay to the output tends to be longer due to the fact that
it must travel through a greater number of transistors than the
g mput to output path. Thus, even 1f 1 and q are exactly 90
degrees out of phase a DC off:

set tends to produced due to the
path length differences causing a phase error. To remedy this
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situation a second Gilbert cell mixer 1s duplicated 2710 and
connected 1n parallel with the first 2710. However, the 1 port
and the g port connected to the mixer 2712 are swapped to
average out the delay thus tending to reduce the offset. This
results 1n an almost 0° output phase error that 1s independent
of frequency. Other types of phase detectors and other means
of equalizing the delay, such as a delay line are understood by
those skilled 1n the art to provide an equivalent function.

In the embodiment shown, the loss pass filter 1s 1mple-
mented by a single capacitor 2714 at each output. However,
other equivalent methods of achieving a low pass filter known
to those skilled 1n the art are acceptable as well.

A method of filter tuning the advantageously uses the fre-
quency synthesizer output 1s fully described mn U.S. patent
application Ser. No. 09/438,234 filed Nov. 12, 1999 (B600:
34013) entitled “System and Method for On-Chip Filter Tun-
ing”” by Pieter Vorenkamp, Klaas Bult and Frank Carr; based
on U.S. Provisional Application No. 60/108,439 filed Nov.
12, 1998 (B600:33586), the subject matter of which 1s icor-
porated 1n 1ts entirety by reference.

Filters contain circuit elements whose values are frequency
and temperature dependent. The lower the frequency, the
larger the size of the element requured to realize a given value.
These frequency dependent circuit elements are capacitors
and inductors. The fabrication of capacitors 1s not as prob-
lematic as the fabrication of inductors on an integrated circuit.
Inductors require relatively more space, and because of their
s1ze has a temperature dependent Q.

Compensation for Inductor Q Drift with Temperature

FI1G. 28 1s a plan view of a multi-track spiral inductor. An
inductor of this type 1s made from several long narrow strips
of metal connect in parallel and disposed upon an 1ntegrated
circuit substrate. A multi-track integrated spiral inductor
tends to produce an inductance with a high Q. High Q 1s
desirable to achieve lower noise floors, lower phase noise and
when used 1n filters, a better selectivity. To reduce series
resistance and thus Q of a spiral inductor, wide track widths in
the spiral are used. However, when track width 1s increased
beyond 10-15 um the skin affect causes the series resistance
ol a spiral inductor to increase at high frequencies. Thus, QQ 1s
reduced even though a wide track has been used. This trend
tends to limit the maximum Q) achievable 1n integrated spiral
inductors.

An exemplary embodiment of the invention utilizes a spiral
inductor that 1s wound with several narrow tracks disposed 1n
parallel upon a substrate. By splitting an exemplary 30 um
wide track mnto two 15 um tracks disposed 1n parallel on the
substrate, the inductor Q tends to increase. Alternative
embodiments of the invention by utilize single track spiral
inductors or multiple track inductors containing one or more
tracks disposed 1n parallel upon a substrate. In the multiple
track inductors described, the tracks are joined together at the
beginning of a winding and again joined together at the end of
the winding by a conductive maternal. An exemplary imnductor
suitable for integration 1s described in more detail 1n U.S.
patent application Ser. No. 09/493,942, filed Jan. 28, 2000
entitled “Multi-Track Integrated Spiral Inductor”, now U.S.
Pat. No. 6,885,275, by James Yung-Chieh Chang; based on
U.S. Provisional Application No. 60/117,609 filed Jan. 28,
1999 and U.S. Provisional Application No. 60/136,634 filed
May 277, 1999. The disclosure thereof 1s incorporated herein
in its entirety by reference thereto.

One or more spirals of metal have a series resistance asso-
ciated with them. A spiral can be quite long, thus, the series
resistance of the inductor 1s not negligible 1n the design of the
circuit even with a parallel connection of tracks. As the tem-
perature of the circuit rises, such as would occur after the
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initial power-up of an mtegrated circuit, the series resistance
of the inductor increases, thus causing the Q to decrease.
Circuitry 1s provided to continuously compensate for this
Increasing series resistance.

An mductor, or coil, has always been a fabrication problem
in 1ntegrated circuitry. Inductors are typically not used 1n
integrated circuits due to the difficulty of fabricating these
devices and due to the large amount of area required to fab-
ricate them. A given inductance may be realized by a single
strip or metallic ribbon of a given width and thickness sus-
pended over a ground plane. A multiple track imnductor also
requires more space than a simple track device.

It 1s a rule of thumb that the higher the frequency the
smaller the dimensions of the integrated circuit component
required 1n a filter to achieve a given set of circuit values. A
spiral inductor of the type described in the embodiments of
the invention allows an inductance to be satisfactorily fabri-
cated on a CMOS substrate. Many alternative embodiments
of the spiral are known to those skilled in the art. The real-
ization ol inductance required in any embodiment of the
invention 1s not limited to a particular type of integrated
inductor.

FIG. 29 1s an exemplary illustration of the possible effects
of inductor Q on filter selectivity 1n a parallel LC circuit, such
as shown 1n 2706 of FI1G. 27. The Q of a spiral inductor tends
to be low. In order to advantageously control the Q so that the
maximum performance of an integrated filter may be
obtained, calibration of inductor Q) 1s used.

The overall effect of this 1s that when a device with high
series resistance and thus, low Q 1s used as a component 1n a
filter that the overall filter Q 1s low 2902. A high Q filter
response 1s sharper 2984. The goal of a filter 1s to achieve
frequency selectivity. The filter selectivity 1s the same elec-
trical property as selectivity in the “front end” of the receiver
previously described. It the filter has a low Q frequencies
outside the pass band of the filter will not achueve as great of
an attenuation as 1i the filter contained high () components.
The high degree of selectivity 1s required to reject the multi-
tude of undesirable distortion products present 1n a receiver
that fall close to the tuned signal. Satisfactory inductor
dimensions and device Q have been obstacles 1n integrating
filters on a CMOS substrate.

Prediction of the inductance yielded by the spiral 1s closely
approximated by formula. However, prediction of the induc-
tor’s Q 1s more difficult. Three mechanisms contribute to loss
in a monolithically implemented inductor. The mechanisms
are metal wire resistance, capacitive coupling to the substrate,
and magnetic coupling to the substrate. Magnetic coupling
becomes more significant i CMOS technologies with
heavily doped substrates, because the effect of substrate resis-
tance appears in parallel with the inductor. The first four or
five turns at the center of the spiral inductor contribute little
inductance and their removal helps to increase the Q. In spite
of extensive research inductors implemented in CMOS pos-
sess (s after limited to less than five.

FIG. 30 1s an illustration of a typical filter bank 3002
utilized 1n embodiments of the mvention for filtering I and Q)
IF signals 3208. Band pass filters utilized in the embodiments
of the invention have a center frequency 1 . and are designed to
provide a given selectivity outside of the pass bond. The
exemplary filters 3002 also incorporate gain. Gain and selec-
tivity are provided by a transconductance stage with an LC
load resulting 1n an active filter configuration that gives the
filter response shown. Over temperature the filter response
degrades as indicated. This degradation 1s attributed to induc-
tors. With the spiral inductors utilized in the embodiments of
the imnvention the gain of this filter stage 1s substantially deter-
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mined by the Q or quality factor of the inductor. The Q 1s 1n
turn substantially determined by the series resistance of the
metal 1n the spiral of the mnductor. The Q decreases as tem-
perature 1mcreases causes an increase 1n inductor series resis-
tance. The decrease i Q with increasing temperature
adversely affects the filter characteristics. As can be seen 1n
306 at F1G. 30 as the temperature increases from 50° C. 3004
to 100° C. 3006 overall gain decreases, and selectivity 1s
degraded.

FI1G. 31 1s a diagram of an exemplary differential transcon-
ductance stage 3102 with an LC load 3104. This figure com-
prises elements of one of the filter gain stages that are a part of
one of the filters that comprise the filter bank 3002 of FIG. 30.
Two forms of the LC load’s equivalent circuit are shown in the
FIG. 3106, 3108. Resistor R(T) has been added 3106 to
account for the series resistance of inductor L that tends to
increase 1n direct proportion to the temperature of the induc-
tor. The circuit may 1n turn be represented 1n parallel form
3108 to vield an equivalent response using the elements L
and R'('T). A method of compensating for the parallel R'(T) 1s
desirable. It 1s done by increasing the Q of the filters with
enhancement, and by stabilizing the enhanced value of O
obtained over the range of temperatures encountered in cir-
cuit operation. First the implementation of Q enhanced filters
1s explained.

FIG. 32 shows a transconductance stage 3102 with an LC
load 3104 that 1s provided with Q enhancement 3202 and ()
compensation over temperature 3206. Q enhancement 3202
tends to 1ncrease the circuit Q thus, increasing the frequency
selectivity of the circuit. A Q enhancement 1s provided by the
transconductance element’s GG, 3202 connected as shown.
Addition of this transconductance element 1s equivalent to
adding a negative resistance 3024 that 1s temperature depen-
dent 1n parallel with R'(T). This negative resistance tends to
cause cancellation of the parasitic resistance thus, tending to
increase the circuit Q. The details of (Q enhanced filters are
disclosed 1n more detail in U.S. patent application Ser. No.
09/573,356, filed May 17, 2000 entitled, “System and
Method for Linearizing a CMOS Ditferential Pair Lineariza-
tion” by. Haideh Khorramabadi, now U.S. Pat. No. 6,985,
033; based on U.S. Provisional Application No. 60/136,115
filed May 26, 1999 (B600:34678), the subject matter of which
1s incorporated 1n this application 1n 1ts entirety by reference.
Once an improved Q 1s achieved 1t 1s desirable to maintain 1t
over the range of temperatures encountered 1n circuit opera-
tion with temperature compensation circuitry 3206.

Due to a large positive temperature coefficient inductor
quality factor (Q) 1s proportional to temperature. As tempera-
ture increases the resistance 1n the spiral increases, degrading,
the Q. The addition of transconductance from the G, stage
3102 tends to increase the Q of the filter. However, the effects
of temperature on quality factor tends to cause wide gain
variation tending to need further improvement. In an embodi-
ment of the invention for a temperature range from 0 to 100°
C., Q and gam vary +/-15% 1n an unenhanced filter. In an
embodiment with a Q enhanced filter, the (Q and gain vanation
1s doubled. In multiple stages of filtering used 1n the embodi-
ments, over 20 db of gain variation 1s thus encountered over
temperature with the Q enhanced filters. This results 1 an
unacceptable change 1n the conversion gain of the recerver. A
turther means of reducing the variation in Q (and thus gain)
over temperature 1s desirable 3206.

FIG. 33 shows a method of stabilizing inductor Q over
temperature 3206. This method advantageously uses a DC
calibration loop 3202 and a dummy inductor 3304 to control
the value of inductor series resistance R(1) and a resistive
clement R(1/T) 3314 to produce a net constant resistance.
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Thus, Q mnduced vanation 1n filter response due to tempera-
ture are controlled. This method advantageously does not
require the use of any high frequency signals 1n the tuning
process. An inductor 3306 as utilized in the filters oT F1G. 30°s
filter bank 3002 with 1ts associated series resistance R(T) 1s
shown as an element 1n a temperature compensation circuit
3208. An electronic device that supplies a variable resistance
3310 of an amount 1mversely proportional to temperature 1s
added into the circuit 3314. The decreasing resistance of the
additional resistance 3314 with increasing temperature coun-
teracts the increasing resistance of the inductor’s series resis-
tance R(T). In the circuit diagram this decreasing resistance 1s
shown schematically as R(1/T). This resistance 1s provided by
the active resistance of a PMOS transistor biased accordingly
3314. However any device capable of producing the desired
resistance characteristic described above 1s an acceptable
substitute.

A PMOS resistor 1s used in two places 3312,3314 to place
the control element 3314 1n the circuit and remove the control
circuit 3208 from a main circuit 3308. In the embodiment
shown, the PMOS transistor’s gate to source connection 1s
placed 1n series with the spiral inductor 3306 of the LC circuit
3308 making up an active filter stage. The active filter stage 1s
controlled from a remotely located control circuit 3208 that
contains a duplicate PMOS resistor 3312 and inductor 3304.
Inductor 3304 1s advantageously fabricated with the same
mask pattern as used for inductor 3306. The control circuitry
3208 1s not a part of the filter circuitry 3308 in order to prevent
undesirable interactions with the radio frequency signals
present in the filter. In the control circuit shown, the active
resistor 3312 in series with the spiral inductor 3304 1s dupli-
cated remotely from the filter circuit 3308. To communicate
the control signal 3316 the gate of the PMOS resistor 3312 1s
coupled to the gate of the PMOS resistor 1n the filter 3314.

The control circuit provides a conventional constant cur-
rent and a conventional constant voltage source function to
maintain a constant current through and voltage across the
dummy spiral inductor 3304 duplicated 1n the control circuit.
An exemplary constant current and constant voltage source 1s
shown 3302 incorporating a dummy inductor 3304. However,
any circuit that maintains a constant voltage across, and cur-
rent through the inductor 3304 1n the control circuit 3208 1s
suificient for the design.

As gate voltage 3316 changes to maintain the constant
current and voltage across the inductor 1n the control circuit
3304, the gate control signal 3316 1s simultaneously fed to the
LC filter stage 3308 PMOS transmitter 3314 to control the
resistance, and thus the Q, of the inductor 1n the filter circuit
3308.

An exemplary constant current and voltage source 1s 1llus-
trated 3302 comprising dummy inductor 3304. A temperature
independent voltage reference V, 1s established by resistor R
and conventional current sources 1. Amplifier A’s negative
input 1s connected to the voltage reference, and 1ts positive
input 1s connected to a symmetrical point between an 1denti-
cal current source and the dummy inductor. The output of
amplifier A 1s fed into the gate of the transistor functioning as
a variable resistor 3312. The constant voltage drop over tem-
perature at the node V, _.1s compared to the voltage at the
positive amplifier terminal. The amplifier controls the resis-
tance of the PMOS transistor so that a constant current and
constant voltage are maintained across the dummy inductor.

The calibration of inductor Q 1s described in more detail 1n
U.S. patent application Ser. No. 09/439,156 filed Nov. 12,
1999 (B600:34014) entitled “Temperature Compensation for
Internal Inductor Resistance” by Pieter Vorenkamp, Klaas
Bult and Frank Carr; based on U.S. Provisional Application
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No. 60/108,459 filed Nov. 12, 1998 (B600:33586), the sub-
ject matter of which 1s mcorporated 1n its entirety by refer-
ence.

Communications Receiver

FI1G. 34 1s a block diagram of a communications network
utilizing a receiver 3402 according to an exemplary embodi-
ment of the invention. A communications network, such as a
cable TV network 3404, capable of generating signals pro-
vides radio frequency signals 3406 over the air waves,
through a cable or other transmission. A recerver front end
3408 next converts the RF single ended signal to a differential
signal. A receiver front end, or a Balun may be used to convert
a single ended signal 3406 to a differential signal or vise versa
3410. The recerver block which contains an exemplary
embodiment of the mvention next converts the difierential
radio frequency signal 3410 to a differential intermediate
frequency (IF) 3412. The IF signal 3412 1s next converted
down to PC and demodulated 1nto a base band signal 3414 by
a demodulator 3416. At this point the base band signal 3414
1s suitable for presentation to the video input of a television
receiver, the audio mputs to a stereo, a set top box, or other
such circuitry that converts the base band signal into the
intended information output.

The communication system described 1s contemplated to
provide the function described above in one or more circuit
assemblies, integrated circuits or a mixture of these imple-
mentations. In particular, the RF front end 3408 may be
integrated 1n a single chip with receiver 3402. Alternatively,
the front end and recerver may be implemented as individual
integrated circuits, on any suitable material such as CMOS.

In addition, the receiving system described utilizes addi-
tional exemplary embodiments that incorporate one or more
transmitters and one or more recetvers to form a “transceiver’”
or “multiband transceiver”” The transceiver contemplated
may transmit and receive on differing frequencies or the same
frequency with appropriate diplexer, transmit recerve switch-
ing or functionally equivalent circuitry.

The frequency bands and modulation described in the
specification are exemplary with the mventions not being
limited 1n scope to any particular frequency band or modula-
tion type.

Receiver Front End-Programmable Attenuator and LNA

To achieve a low noise figure what 1s leit out of the circuit
1s often as important as what 1s included 1n 1t to achieve a low
noise figure. A circuit containing few components in desir-
able since each component 1n a circuit adds to noise generated
in the circuit. Switches are often included early 1 a signal
path to switch 1n attenuator sections, reducing the level of a
signal present. The reduction 1n signal level 1s necessary to
prevent a following receiver circuit from being over driven
into distortion.

Additionally, the circuit described as a front end circuit
may also be employed as an automatic gain control (“AGC™)
amplifier. The AGC amplifier may advantageously be used at
any point in the signal processing chain where an adjustable
gain and adjustable attenuation according to an external con-
trol signal 1s desired. In one specific embodiment, a control
signal 4302 representative of the signal level of base band
signal 3414 (F1G. 34) 1s feedback from block 3416 to RF front
end 3408. By way of example, control signal 4302 could be
formed by sampling the sync pulses of the base band televi-
sion signal and averaging the amplitude of the sync pulses
over a period of time.

Advantageously, the present invention has eliminated the
need for switches, reducing a major contributor to increased
noise figure. In an integrated switchless programmable
attenuator and low noise amplifier only two elements are
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present in the signal path to contribute to the noise figure. First
an attenuator 1s present 1n the circuit path. The next element in
series with the attenuator 1n the signal path 1s a differential
pair low noise (LNA) amplifier. In the differential pair noise
figure 1s lowered by introducing a sufficient bias current to
increase a transconductance g, associated with the amplifier.
The increased g, decreases the noise contribution of the dif-
ferential pair.

By eliminating the need for switches it 1s possible to inte-
grate the programmable attenuator and LNA onto a single
CMOS 1ntegrated circuit. An additional advantage can be
realized 1n using an integrated programmable attenuator and
LNA as a “front end” of an integrated receiver. A single
integrated circuit can be economically fabricated on CMOS
that contains an entire tuner circuit including the front end and
the tuner. Alternatively, the front end and tuner circuits may
be on separate interconnected substrates.

FIG. 35 1s an 1llustration of the input and output character-
istics ol an integrated switchless programmable attenuator
and low noise amplifier 3502. Attenuator/amplifier 3502
simulates a continuously variable potentiometer that feed a
linear amplifier. As the potentiometer setting changes the
signal level at the mput to the amplifier changes, and the
output of the amplifier changes accordingly. The exemplary
embodiment 1s a two radio frequency (RF) port device—the
input port 3504 1s configured to receive a single ended 1nput
signal from a source 3508 and the output port 3506 1s config-
ured to present a differential signal. In the single ended input
configuration one terminal upon which a signal 1s carried 1s
above ground reference 3510. In the differential output con-
figuration the signal 1s divided and carried on two terminals
above ground reference 3510.

In the exemplary embodiment multiple control signals
3512 are applied to the integrated switchless attenuator and
[LNA 3502. For example these signals are used to program the
attenuator to various levels of attenuation, and for an output
smoothness control.

In the exemplary embodiment the differential output 3506
advantageously tends to provide noise rejection. In a differ-
ential output configuration, the signal at one terminal 1s 180°
out of phase from the signal at the other terminal and both
signals are of substantially equal amplitude. Differential sig-
nals have the advantage that noise that i1s injected on either
terminal tends to be canceled when the signal 1s converted
back to a single ended signal. Such common mode noise 1s
typically of equal amplitude on each pin and 1s typically
caused by radiation 1nto the circuit from external sources, or
it 1s often generated in the circuit substrate itself. Advanta-
geously, the present invention uses differential signal trans-
mission at 1ts output. It should be noted that 1n alternate
embodiments of the invention, that a signal ended output can
be produced from the differential signal by various tech-
niques known 1n the art. Also, equivalently a differential input
may be substituted for the single ended input shown.

FIG. 36 1s a functional block diagram of the integrated
switchless programmable attenuator and low noise amplifier
circuit. This embodiment illustrates how it 1s possible to
climinate switches that would be required 1n a conventional
attenuator and LNA.

A resistive attenuator 3601 1s configured as a ladder circuit
made up of resistors configured as multiple p1 sections 3602.
A method of selecting resistor values such that a constant
impedance 1s presented to the signal source 1s accomplished
as 1s conventionally known 1n the art. An exemplary embodi-
ment utilizes an R/2R configuration. Each pi1 section 3602 of
the attenuator 3601 1s connected to one input to a differential
pair amplifier 3603. The other mnput to amplifier 3603 1s
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grounded. The resulting attenuation produced at the output
3604 1s controlled by the number of differential amplifier
stages that are turned on and the degree to which they are
turned on.

Individual amplifiers 3603 are turned on or off by tail-
current generators 3605 associated with each stage 3603,
respectively. Generation of the tail currents 1s discussed in
more detail below 1n connection with FIGS. 444 and 445. In
FIG. 36 a zero or one 1s used to indicate 11 the corresponding
tail-current generator 3603 1s turned on or off, that 1s whether
or not a tail-current 1s present. For example, a zero 1s used to
show that no tail-current 1s present and the corresponding
generator 3605 1s turned off. A one represents a tail-current
generator 3605 that 1s turned on rendering the corresponding
amplifier 3603 functional. The zeroes or ones are provided by
the control lines 3512 of FIG. 35 1n a manner described in
more detail in F1G. 43. All of the individual amplifier outputs
3506 are differential. Differential outputs 3506 are tied 1n
parallel with each other. The resulting output 3604 is the
parallel combination of the one or more amplifiers 3608,
3610,3612 that are turned on. In an exemplary embodiment of
the circuit 55 amplifiers have been implemented, with various
combinations turned on successively. By using tail currents to
selectively turn amplifiers 3603 on and off, the use of
switches 1s avoided.

In this configuration any combination of amplifiers 3603
could be turned on or off to achieve a given attenuation before
amplification of the signal. However, 1n a exemplary embodi-
ment of the circuit, adjacent pairs of amplifiers are turned on
and off. Groupings of amplifiers 1n the on state can be of any
number. In an embodiment ten contiguous amplifiers are
turned on. The attenuation 1s adjusted up or down by turning
an amplifier tail current oil at one end of a chain of amplifiers,
and on at the other to move the attenuation 1n the desired
direction. The exemplary circuit 1s controlled such that a
group ol amplifiers that are turned on slides up and down the
chain according to the control signals 3512 of FIG. 35.

Any number of amplifiers 3603 can be grouped together to
achieve the desired resolution 1n attenuation. By using the
sliding configuration, input signals 3614 that are presented to
attenuator p1 sections 3602 whose amplifiers are not turned on
do not contribute to the output signal 3604. It can be seen from
FIG. 36 that the signal strength of the output 1s dependent
upon where the grouping of generators 3605 are turned on.

FIG. 37 1s a simplified diagram showing the connection
3702 of multiple attenuator sections 3602 to the output 3604.
An attenuator 3601 1s made up of multiple p1 sections 3602
cascaded together. Each p1 section consists of two resistances
of 2R shunted to ground, with a resistor of value R connected
between the non-grounded nodes. Tap points 3702 are avail-
able at the nodes of the resistor R. In FIG. 37 the first set of
nodes available for tap points 1n the first p1 section would be
nodes 3706 and 3708. After cascading all of the p1 sections to
form a ladder network, a variety of tap points are available,
these are noted as node numbers 3706-37150 in FIG. 37. A
path from the input 3614 to any of the tap points, or nodes on
the ladder network yields a known value of attenuation at the
output 3604. If multiple tap points are simultaneously con-
nected to the attenuator, the resulting attenuation 1s the par-
allel combination of each connection. The combined or aver-
age attenuation at the output terminal can be calculated
mathematically or, 1t can be determined using circuit simula-
tion techniques available in computer analysis programs.

In addition it can be seen from FIG. 37 that by providing
multiple tap points on a ladder network that 1n effect a sliding,
multiple contact action can be implemented contacting a
fixed number of contacts, for any given position of the simu-
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lated slide 3716. The slide 3716 1s implemented electroni-
cally 1n the embodiments of the invention The average attenus-
ation by contacting a fixed number of these tap points 3706-
3715 will increase as the slide or switch 1s moved from the left
to the right on the ladder network. For example, minimum
attenuation will be present when the slider 3716 contacts the
force tap points 3706,3707,3708,3709 at the far left of the
ladder network 3601. The maximum attenuation will be
achieved when the slider 3716 1s positioned to contact tap
points 3712,3713,3714,3715 at the far right of the network. In
the exemplary embodiment 4, contacts are shown, however,
in practice any number of contacts may be utilized.

Mechanical switches are noisy. Mechanical switches are
also unreliable and difficult to integrate on a semiconductor
device. Returning to FIG. 36, 1n order to be able to integrate
a switching function, and to eliminate mechanical parts, a
predetermined number of attenuator taps are switched to the
output by using tail current switching of differential amplifi-
ers 3603,3605. The differential amplifiers have the advantage
ol being able to be switched electronically with low noise and
reliability. The differential amplifiers also provide the oppor-
tunity to introduce a gain 1nto the circuit thereby increasing
the signal strength available at the output to produce a low
noise amplification. The gain achieved depends upon the
number of amplifiers switched 1n. By changing the values of
resistance 1n the ladder network and also by increasing or
decreasing the number of amplifier stages that are turned on,
the resolution of the attenuator can be varied to suit the needs
of the system that an integrated switchless programmable
gain attenuator and LNA 1s used 1n.

FIG. 38 1s an illustration of an exemplary embodiment
showing how the attenuator 3601 can be removed from the
circuit, so that only the LINAs or differential stages 3605 are
connected. Reference numerals 3801 to 3816 cach represent
a differential amplifier 3603 and a generator 3605 in FIG. 36.
In the 0 dB attenuation case shown the signal strength of the
output would be equal to the gain of the parallel combination
of the four amplifiers that are turned on 3801,3802,3803,
3804. The four activated amplifiers are indicated by a “1”
placed on the circuit diagram. In an exemplary embodiment
in which the sliding tap arrangement 1s used such that a given
number of amplifiers are always turned on the configuration
of FIG. 38 1s necessary such that zero decibels of attenuation
can be achieved when the required number of amplifiers are
always turned on.

In an exemplary embodiment according to FIG. 38, a full
14 dB gain from a combination of ten amplifiers 1s seen when
a ten tap configuration 1s used with the top set to the 0 dB
attenuation position. As the attenuation 1s “clicked” so that
one amplifier at a time 1s switched, a 1 dB per pi1 section
attenuator 1s placed 1n series with an amplifier, a full 1 dB of
attenuation 1s not seen/click. In a graph of the control voltage
versus attenuation curve this would be seen as a change in
slope after the tenth amplifier 1s switched 1n. After the 10th
amplifier 1s switched in the curve will show a 1 dB/adjustment
step.

FIG. 39 shows an exemplary attenuator circuit used to
achieve 1 dB/step attenuation. Each resistive p1 section 3602
makes up one step. The characteristic impedance of the
embodiment shown 1s 130 ochms. Using calculation methods
well known 1n the art of attenuator design a p1 pad having a
characteristic impedance of 130 ochms may be realized utiliz-
ing series resistors R _of 14 ohms or parallel or shunt resistors
of 1,300 ohms R .

FIG. 40 1llustrates an exemplary embodiment of an attenu-
ator for achieving a finer resolution 1n attenuation. In this
embodiment a resolution of 0.04 dB/tap 1s achieved. In the
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embodiment shown each series resistor R, connected
between the shunt resistors in the ladder network has a string
of series resistors connected 1n parallel with 1t. Each intercon-
nection point between the added resistors 3402 provides a tap
point that provides a finer adjustment 1n attenuation values.

In implementing an integrated, switchless, programmable
attenuator and low noise amplifier, calculating the overall
gain of a parallel combination of amplified and attenuated
signals 1s analytically complex to calculate. For example,
consider an embodiment utilizing 10 differential pair ampli-
fiers 1in the output, connected to 10 different tap points. Ten
signals receiving varying attenuations are fed into imndividual
differential pair amplifiers. Gain of the amplifiers varies
according to an adjustment for monotonicity. The amplified
signals are then combined 1n parallel to yield the output
signal.

Tail currents in the differential output amplifiers are not all
equal. The tail currents determine the gain of a differential
pair, and are adjusted to provide a specific degree of mono-
tonicity. Thus, the gain of each of the differential pair ampli-
fiers varies across the 10 interconnected amplifier. The
attenuation varies since each tap 1s taken at a ditl

erent point to
be fed mto each of the differential amplifiers. In such an
arrangement 1t would be expected that the middle signal line
would represent the average, yielding an approximate figure
for the attenuation and gain of the combination of 10 signal
lines. However, this 1s not the result. Through the use of
computer stmulation the behavior of this network has been
simulated. In simulating behavior of this network 1t 1s found
that the first tap predominates 1n defining a response from the
sum of the 10 taps. The first tap has the least attenuation and
this yields the predominant signal characteristics.

In an embodiment utilizing 10 sliding taps the amplifier
gain 1s a constant 14 dB. The attenuator range 1s from 0-25 dB
in 1 dB steps. This yields an overall rangeof —11 dB to +14 dB
tor the combination of attenuator and amplifiers.

FI1G. 41 illustrates the construction of the series and paral-
lel resistors used an integrated attenuator. In this embodiment
all of the resistors used are 130 ohms. This 1s done to control
the repeatability of the resistor values during fabrication. Ten
ol these resistors are connected 1n parallel to yield the 13 ohm
resistor used as the series attenuator element R_ of FIG. 39.
Ten of these 130 ohm resistors are connected 1n series to yield
1,300 ohms to realize the parallel resistance legs R ot FI1G. 39
of the attenuator. Building the attenuator from unit resistors of
130 ohms also, provides improved matching. By matching
resistor values 1n this method arability 1s minimized to that of
the interconnections between the resistors. This allows the
ratio between series and parallel resistances to remain con-
stant from p1 section to p1 section 3602 in the ladder network
that makes up the attenuator 3601 of FIG. 36.

FIG. 42 1s an 1llustration of an exemplary embodiment
utilized to turn on each of the differential amplifiers. This
arrangement produces a monotonically increasing output
verses control voltage 4202. In this illustration, five amplifi-
ers 4204-4208 grouped together make up the electronically
sliding tap arrangement. Numbers on the illustration indicate
the fractions of tail-currents relative to the full value used to
turn on each amplifier. Amplifiers are partially turned on at
the ends of the group. Gradual turn on of the amplifiers at the
ends of the group 1s done to control overshoots and under-
shoots 1n the amplifier gain. These over shoots and under
shoots are seen upon the application of a control voltage
applied.

Varying a smoothness control provided in a programmable
attenuator and LNA to one extreme vyields good linearity 1n
the frequency response but overshoots 1n gain with increases
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in control voltage. Varying the smoothness control to the
other extreme vyields a very smooth gain verses control volt-
age curve with more nonlinearity. The optimum value for the
smoothness control yields a value of monotonicity that 1s the
maximum that the system can tolerate 1n the form of data loss
throughout the circuait.

If all five amplifiers of FIG. 42 were turned on with the full
value of tail-currents, the gain versus control voltage curve
would be as shown 1n the solid line 4210. By not fully turning
on some of the differential pair amplifiers the overshoot and
undershoot 1n the gain versus control voltage curve may be
minimized. With the tail-currents configured on the sliding
tap as shown 1n FI1G. 42, the gain versus control voltage curve
will appear as shown by the dotted line 4202. In this configu-
ration, the middle three amplifiers have their tail-currents
tully turned on with the remaining two amplifiers at the begin-
ning and end of the chain only having their tail-currents half
turned on. Equivalently, other weighing of total currents may
be used to achieve substantially the same effect.

A plot of gain versus control voltage for the entire inte-
grated switchless programmable attenuator and low noise
amplifier would preferably appear as a staircase over the
entire control voltage range. By controlling the turn on of the
tail-current, the non-monotonicity of the gain versus the con-
trol voltage curve 1s reduced so that the gain monotonically
increases with the application of an increasing control voltage
to yield the desired stair step shape response, where FIG. 42
1llustrates one “step” 4202 1n the response. Non-monotonic-
ity 1n gain versus control voltage 1s not a time dependent
phenomenon. The shape of the curve tends to depends on the
physical implementation of a circuit and a switching arrange-
ment for turning tail-currents on and off.

Non-monotonicity 1s an undesirable characteristic tends to
degrade overall systems performance. Inrecerving QAM data
the degradation 1s seen as a loss 1n recerved data. By improv-
ing the monotonicity characteristic of an amplifier linearity of
the amplifier 1s degraded. Gradual switching of the tail-cur-
rents causes some differential pairs to only partially turn on.
Differential pairs that are partially turned on introduce more
nonlinearities into the circuit output than a fully turned on
differential pair.

A transistor that 1s only partially turned on 1s only capable
of handling a smaller signal than one that 1s more fully turned
on. A transistor that 1s only partially turned on receiving a
large input signal over drives the transistor producing a dis-
torted output. Thus, by gradually turning on the tail-currents
in some of the differential pair amplifiers, the linearity tends
to be degraded, however, this degradation in linearity allows
a monotonically increasing gain versus control voltage curve
to be achieved.

Monotonic increase of gain versus control voltage tends to
improve system performance. In the case of the QAM televi-
s10on signal being transmitted through the amplifier a view of
a QAM constellation would actually be seen to wiggle with
tail-currents of all differential pair amplifiers simultaneously
and fully turned on. With gradual tail-current switching, the
constellation 1s not seen to wiggle, and data 1s not lost. The
problem with the non-monotonicity causing the constellation
to wiggle 1s that each time an attenuator value 1s switched into
the circuit QAM data tends to be lost, thus degrading overall
system performance of the signal transmitted through the
circuit.

As part of an exemplary embodiment’s operation, an auto-
matic gain control (AGC) 3512 of FIG. 35 would be gener-
ated as one of the control signals by external recerver circuitry
to adjust the input signal level presented to the recerver. This
AGC control voltage would be fed into a control voltage input
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3512 to select a value of attenuation through the circuit
assembly. It 1s desirable to switch the attenuator such that
when the attenuation 1s adjusted, the data 1s not lost due to the
switching period. In an exemplary embodiment of the present
invention it 1s necessary to switch a maximum of 0.04 dB per
step 1n attenuation value.

FI1G. 43 1s an 1llustration of an embodiment showing how
individual control signals 4301 used to turn on individual
differential pair amplifiers are generated from a single control
signal 4302. There are many ways to generate control signals
to turn on the differential pair amplifiers, individual control
lines may be utilized, or a digital to analog converter may be
used to transform a digital address to an analog control volt-
age.
In the embodiment of FIG. 44 to generate the control
signals resistors 4304 are connected 1n series between a
power supply voltage and ground to create a series of refer-
ence voltages at each interconnecting node. The voltages at
cach node between the resistors 1s the reference input for one
ol a series of comparators 4306. The reference mnput of the
comparator connects to a node providing the reference volt-
age setting. The other mnput of the comparator 1s connected to
the control voltage 4302. When the value of the control volt-
age exceeds that of the reference voltage for a given compara-
tor the comparator goes from a zero state to a one state at its
output. The zero state 1s typically zero volts and the one state
1s typically some voltage above zero. The voltage generated
to produce the logic one state 1s such that when applied to a
gate of a transistor making up the current tail 4308 1t 1s
suificient to turn on the differential pair of amplifiers that
constitute the low noise amplifier (LNA) controlled by that
current tail.

As can be seen from FIG. 43, all the LNA amplifiers set to
be activated with a control voltage of the current setting wall
be turned on. In this arrangement simply increasing the con-
trol voltage simply turns on more LNA amplifier stages.
Additional circuitry 1s required to deactivate previously acti-
vated amplifiers such that only a fixed number of amplifiers
remain turned on as the control voltage increases. This 1s done
so that the sliding potentiometer function can be implemented
with this circuit.

FI1G. 44 1s an 1llustration of an embodiment of one of the
individual comparator stages 4308 of FIG. 43 used to turn on
or off individual LNA amplifier stages. In the integrated
switchless programmable attenuator and low noise amplifier
the circuitry used to activate individual cells 1s duplicated at
cach attenuator’s tap point and interconnected so that a slid-
ing tap can be simulated using a single control voltage, V .
4302. In describing a cell’s operation 1t 1s convement to start
with the control voltage 4302 that 1s being applied to achieve
a given attenuation value.

To 1llustrate the comparators operation, a control voltage 1s
applied to each of a series of comparators, as 1s shown in FIG.
43. The circuit of FIG. 44 makes up one of these comparators.
FIG. 44 shows the control voltage as V _, , and the reference
voltage as V, . These voltages are applied to the gates of a
differential pair of transistors ((Q1 Q2). The circuit in FIG. 44
surrounding Q1 and 2, functions as a comparator with low
gain. The gain of the comparator 1s kept low to control the
speed of switching on and off the tail-currents of the low noise
amplifiers.

In FI1G. 44 when the control voltage input V . passes the
reference level set at V, .the amplifier with its reference set
closest to, but less than V _,_ remains deactivated. (The n+1
amplifiers where V _, has not exceeded V, -remain turned oft,
until activated by V __ .) First the comparator output “current
(cell n)” goes high. When “current (cell n)”, which 1s con-
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nected to the gate of Q13, goes high 1t switches the transistor
on. Transistors Q16 and Q17 are used to deactivate the adjoin-
ing current mirror circuit. Amplifier, Amp, is turned oif by
shunting current away from the current mirror 4402, shutting
off the tail current Q15. Thus, the current amplifier cell with
a comparator that has just been tripped remains turned oif.

Comparator output signal “next (celln+10)” 1s the opposite
state of “Current (cell n)”. The next 10 cells are turned on by
the control signal “next (cell n+10)”. These cells have not yet
had their comparators tripped by the control voltage present
on their inputs. Thus the bottom of the sliding tap 1s pushed up
and down by the control voltage, V . . In this state transistors
Q16 and Q17 1n the next 10 cells are not conducting current
away Irom the current mirror. This allows the current tails of
cach amplifier, Q15 to conduct causing amplifier Amp, to be
turned on 1n each of the 10 cells.

Note that as a larger number of cells are grouped together,
for simultaneous turn on, a larger number of differential
amplifier cells 1n the integrated switchless programmable
attenuator and low noise amplifier are required to achieve the
same attenuation range.

Once the control voltage has been exceeded for a given cell,
the default state for all the previous amplifiers Amp, 1s to be
turned on, unless the cell 1s deactivated by either Q1 or Q2
being activated.

The signal “previous (from cell n—10)” deactivates ampli-
fier cells when 1t 1s 1n the high state. This signal 1s supplied
from the previous 1dentical comparator.

In FIG. 44 a provision for adjusting the abruptness of
amplifier gain 1s provided. Transistors Q3 and Q10 are being
used as variable resistors. These variable resistors are used to
change the gain of the comparator. Varying the gain of the
comparator allows the abruptness 1n the overall amplifier gain
to be controlled. Putting a high voltage on “smoothness con-
trol” causes the drain o1 Q5 and Q6 to be shorted together. The
gain 1s reduced and a very gradual transition between states 1s
provided by doing this.

A recerver front end such as previously here 1s described 1n
more detail in U.S. patent application Ser. No. 09/438,687
filed Nov. 12, 1999 (B600:33757) entitled “Integrated
Switchless Programmable Attenuator and Low Noise Ampli-
fier” by Klaas Bult and Ramon A. Gomez; based on U.S.
Provisional Application No. 60/108,210 filed Nov. 12, 1998
(B600:33587), the subject matter of which 1s incorporated 1n
its entirety by reference, may be used before the fully inte-
grated tuner architecture.

Receiver Frequency Plan and Frequency Conversion

Returning to FI1G. 19 a block diagram illustrating the exem-
plary frequency conversions utilized in the embodiments of
the invention. An RF signal 1906 from 50 MHz to 860 MHz
that 1s made up of a plurality of CATV channels 1s mixed 1916
down by a first LO (LLO, ) 1912 that ranges from 1250 MHz to
2060 MHz, depending upon the channel tuned, to a first IF
signal 1918 that 1s centered at 1,200 MHz. This 1,200 MHz
first IF signal 1s passed through a first filter bank 1912 of
cascaded band pass filters to remove undesired spurious sig-
nals. The first frequency conversion 1n the receiver 1s an up
conversion to a first intermediate frequency 1918 higher than
the received RF frequency 1906. The first intermediate fre-
quency 1s next mixed 1932 down to a second IF 1922.

A second local oscillator signal at 925 MHz (LO,) 1904, 1s
used to mix 1932 the first IF 1918 down to a second IF 1922
signal centered at 275 MHz. A second bank of band pass
filters 1934 removes spurious outputs from this second IF
signal 1922, that have been generated in the first two fre-
quency conversions.
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A third frequency conversion 1924, or the second down
conversion to the third IF 1926 1s accomplished with a third
LO (LO;) 1930 of 231 MHz. A third filter 1936 removes any
spurious responses created by the third frequency conversion
and any remaining spurious responses that have escaped
rejection through the previous two filter banks. This third
band pass filter 1936 may have its response centered at 36 or
44 MHz. A 44 MHz IF produced by the 231 MHz LO 1s used
in the United States while a36 MHz IF 1s used in Europe. The
L.O, 1s adjusted accordingly to produce the 36 MHz IF. The
local oscillator’s signals are advantageously generated on
chip in the described embodiments. However, the recetver
implementation need not necessarily be limited to on chip
frequency generation.

Local Oscillator Generation

FIG. 45 15 a block diagram 1llustrating the exemplary gen-
eration of local oscillator signals utilized 1n the embodiments
of the mvention. The frequency plan utilized 1n the embodi-
ments utilizes a pure third local oscillator signal (LO,) 1930,
created by direct synthesis 4502 that falls within the band of
recetved signals. The first two local oscillator LO, 1902, LO,
1904 signals are generated using indirect synthesis achieved
by a phase locked loops 4504,4506. The third local oscillator
signal (LO,) uses direct synthesis, to divide the second local
oscillator down to create the third local oscillator (LO,). The
indirect synthesis of the first and second LOs utilizes a ire-
quency reference 4508 provided by a 10 MHz crystal oscil-
lator. The 10 MHz crystal oscillator utilizes the previously
disclosed differential signal transmission and a unique design
that advantageously tends to provide an extremely low phase
noise reference signal. The first local oscillator (LO, ) 1902 1s
produced by wide band tuning. The second local oscillator
(LO,) 1904 i1s produced by narrow band tuning. The exem-
plary embodiments advantageously utilize a narrow band
tuning circuit and method to achieve frequency lock 1n an
exemplary narrow band PLL.

Narrow Band VCO Tuning

FI1G. 46 1s a schematic of a PLL having 1ts VCO controlled
by an embodiment of the VCO tuning control circuit. A VCO
tuning control circuit 1s provided to tune a VCO that 1s con-
tained 1n an exemplary narrow band PLL that generates a 925
MHz local oscillator signal. This device makes use of a tem-
perature and process dependent window of voltage ranges to
optimally choose a range of valid control voltages for the
PLL. The control circuit uses a window to center a varactor
diode’s tuming range by adding or removing capacitance, thus
tending to avoid gross varactor non-linearities. The circuit
tends to mitigate dead band conditions and tends to improve
loop stability over process and temperature variations.

A VCO mtegrated on a chip can be up to £20% off in 1ts
frequency range. Immediate calibration at power up 1s done to
center the varactor diodes that provide a variable tuning
capacitance to the middle of the varactor diode’s tuning
range. This 1s done by switching 1n capacitors and monitoring,
loop voltage. To center the VCO’s tuning capacitance range
of the varactors, the embodiments of the invention immedi-
ately calibrate the VCO by adding or removing capacitance.
Switching capacitors 1n or out of the circuit centers the var-
actor’s capacitance mnto the middle of the VCO’s tuning
range. To monitor centering of the varactors a window com-
parator 1s used to look at the state of a control voltage that 1s
used to tune the VCO. The window comparator determines
when the control voltage 1s within 1ts desired range.

FI1G. 46 illustrates the VCO tuning control circuitry 4604
applied to a conventional PLL 4602. PLL 4602 comprises a
crystal oscillator 4606 that inputs a stable frequency to a
programmable 4608 reference divider 4610 that outputs a
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frequency 4612 based upon the reference frequency to the
input of a phase detector 4614, a second 1nput 4616 to the
phase detector 1s the current output of a VCO 4618. The
phases ol the two mputs 4612,4616 are compared and a D
value representing the phase difference 1s output 4620 to the
input of a charge pump 4622. The output of the charge pump
1s fed 1nto a low pass filter 4624. The output of low pass filter
4624 1s fed into the control voltage input of the VCO 4618.
The VCO outputs an image and quadrature signal 4626 at a
frequency as set by the frequency select line 4608.

The voltage controlled oscillator 4618 1s conventionally
constructed, and comprises a variable capacitance used to
tune the output frequency. VCO 4618 additionally comprises
a series of switchable capacitors utilized to center the tuning
range ol the variable capacitance elements comprising the
VCO. The switchable capacitors are controlled by signals
emanating from the VCO tuning control circuitry 4604. The

control signals 4628 are routed from tuming register 4630 to
VCO 4618.

The VCO tuning control circuitry utilizes a control signal
4632 taken from low pass filter 4624. Control voltage 4632 1s
input to the positive inputs of a first comparator 4634 and the
positive input of a second comparator 4636. The negative
inputs of comparators 4634 and 4636 are coupled to DC
reference voltages V1 and V2. Comparator 4634 outputs sig-
nal Isb and comparator 4636 output signal msb. Voltages V,
and V, set thresholds to form a sliding window which moni-
tors the state of the closed PLL by monitoring voltage at low
pass filter 4624. Control voltage 4632 1s taken as the voltage
across a capacitor in the low pass filter that induces a zero 1n
the loop filter 4624. Thus, the control voltage 1s a filtered
version of the control voltage of the PLL loop, and thus tends
to have eliminated spurious components present on the VCO
control line.

Si1gnals msb and Isb are fed 1n parallel to an AND gate 4640
and an exclusive NOR gate 4642. The output of exclusive
NOR gate 4642 1s fed 1into the D input of a DQ tlip-flop 4644.
The Q output of the flip-tlop 1s fed into an AND gate 4646,
whose output 1s 1n turn fed into the clock input of a 6-bit
bi-directional tuning register 4630.

Returning to AND gate 1940 1ts output 1s fed into the shift
left or right input port of the 6-bit bi-directional tuning reg-
ister 4630. Additionally, DQ flip-flop 4644 receives a reset
signal based on the output of low pass filter 4624 thp-flop
4644 1s also clocked by a signal based on the divided refer-
ence oscillator signal 4612.

FI1G. 47 1s aprocess flow diagram illustrating the process of
tuning the VCO with an embodiment of a VCO control cir-
cuit. Initially the control voltage (4632 of FIG. 46) 15 evalu-
ated to see 1f 1t falls within a predetermined window 4702. If
the voltage 1s within the desired range, the time 1t has
remained so 1s determined 4704. The PLL tends to be 1n a
state of lock when the control voltage applied to the VCO has
remained unchanged for a predetermined period of time. IT
the voltage does not remain in range for the predetermined
time, the process 1s reinitiated by looping back to the begin-
ning. If the control voltage remains 1n the range for the pre-
determined time, the loop 1s deemed 1n lock, and the process
1s ended 4712.

Returning to block 4702, 11 the control voltage 1s out of
range a decision 1s made 4706 based on, whether the control
voltage 1s above or below the desired range. If the control
voltage 1s greater than the control voltage range, a capacitance
1s removed from the VCO circuit 4708. The process flow 1s
routed to the beginning of the process, where the control
voltage 1s again reevaluated 4702.
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Returning to block 4706, 11 the control voltage 1s below the
desired range a capacitor 1s added 4710. Next, the process
routes the flow back to the beginming of the process where the
control voltage 1s reevaluated 4702.

The VCO tuning control circuitry 4604 of FIG. 46 func-
tions to carry out the process of FIG. 47. It the voltage of the
loop lies outside the window defined by the threshold volt-
ages V, and V,. The clock mput to the 6-bit bi-directional
tuning register 4630 1s enabled. This register function may be
provided by a conventional circuitry known 1in the art to
provide this function and 1s not limited to the circuitry
depicted. A “lock time out” circuit 4648 of FI1G. 46 1s reset on
the rising edge of the clock signal to the 6-bit bi-directional
tuning register 4630 of FIG. 46. The “lock time out” circuit 1s
conventionally constructed and 1s not limited to the compo-
nents depicted 1n FIG. 46.

If control voltage 4632 exceeds the upper threshold set by
the comparators, zeros are shifted through the register 4630.
A zero voltage decreases the capacitance 1n the VCO tuning,
circuitry by switching out a capacitance controlled by one of
the 6 control lines 4628. Alternatively, any suitable number of
control lines may be used other then the exemplary six. This
shifting of values 1n a register allows one of six exemplary
capacitor switch control lines to be activated or deactivated,
an evaluation made and another line activated or deactivated
so that the previous tuning setting 1s not lost. This function
may be implemented by passing a value (on or oil) down a
line of capacitors by shifting or by activating a capacitor
associated with a given line and then a next capacitor without
shifting the capacitance control signal.

If the control voltage 4632 1s less than the lower threshold
voltage of the comparator 4634 1s are shifted through the
6-bit bi-directional tuning register. The 1s increase the
capacitance applied in the VCO tuning circuit by switching 1n
a capacitance controlled by one of the 6 control lines 4628.

Once control voltage 4632 enters the predetermined valid
range ol operation as set by voltages V, and V, the shiit
register 4630 1s disabled. At this time the locked time out
circuit 4648 1s enabled. If the lock time out circuit remains
enabled for the predetermined time period, that satisfies the 1n
lock condition for the PLL, the clock to the DQ flip-tlop 4644
1s disabled, thus disengaging the control circuit. The func-
tions described in this paragraph are constructed from stan-
dard logic components known to those skilled 1n the art, and
are not limited to those components depicted in FIG. 46.

A more detailed description of the VCO tuning scheme 1s
provided in U.S. patent application Ser. No. 09/380,014, filed

May 26, 2000, entitled “System and Method for Narrow Band
PLL Tuning” by Ralph Duncan and Tom W. Kwan, now U.S.
Pat. No. 6,426,680; based on U.S. Provisional Application
No. 60/136,116 filed May 26, 1999, the subject matter which
1s incorporated 1n its entirety by reference. Once the fine, or
narrow band PLL has been tuned such that 1s has been locked
its frequency may be used 1n conjunction with the frequency
generated by the coarse PLL to provide channel tuning as
previously described for the coarse/fine PLL tuning of FIGS.
21 and 22.
Receiver

FI1G. 48 1s a block diagram of a first exemplary embodiment
of areceiver. FIGS. 48, 51, 52, 53 and 54 are embodiments of
receivers that utilize band pass filters and 1image reject mixers
to achieve 1mage rejection that tend to reduce the distortion
previously described. The embodiments advantageously con-

vert an mput signal (1906 of FIGS. 19, 48, 51, 52, 533 and 54)
to a final IF frequency (1914 of FIGS. 19 48, 51, 52, 53 and
54) by processing the input signal substantially as shown 1n
FIG. 19. Image rejection 1s measured relative to the signal
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strength of the desired signal. The strength of the unwanted
image frequency 1s measured 1n units of decibels below the
desired carrier (dB ). In the exemplary embodiments of the
invention an image frequency rejection of 60 to 65 dB_ 1s
required. In the embodiments of the invention this require-
ment has been split more or less equally among a series of
cascaded filter banks and mixers following the filters. The

filter banks 1912,1934 provide 30 to 35 dB_ image rejection
and complex mixers 4802,4806 used provide an additional 30
to 35 dB_. of image rejection yielding an overall image rejec-
tion o 60 to 70 dB_. for the combination. The use of complex
mixing, advantageously allows the rejection requirements on
the filters to be relaxed. First, a channel of an imnput spectrum
1s centered about a first IF frequency.

FIG. 49 1s an exemplary illustration of the frequency plan-
ning utilized in the embodiments of the mvention for the
reception of CATYV signals. The frequency spectrum at the top
of the FIG. 4902 1illustrates exemplary recerved RF signals
ranging from 50 to 860 MHz 4904. The recerved RF signals
are applied to a band pass filter 4921 to eliminate out of band
distortion products Imagel 4906. The frequency plan advan-
tageously utilizes a trade ofl between 1image rejection achiev-
able by filters and mixers at different frequencies. The pro-
cessing of the first. IF and the second IF have many features 1in
common and will be discussed together in the following
paragraphs.

For example, the second mixer 4802 and second bank of IF
filters 4834 of FI1G. 48 achieve 35 dB and 35 dB of image
rejection, respectively. The third mixer 4806 and the third IF
filter bank 1936 of F1G. 48 achieve 25, dB and 40 dB of image
rejection respectively. The last distribution reflects the fact
that at the lower third IF frequency the Q of the filters tend to
be lower, and the 1mage rejection of the mixers tend to be
improved at lower frequencies.

For example, returning to FI1G. 48, a signal 1906 1n the 50
to 860 MHz range 1s up converted by mixer 1916 and LO2
1908 to 1,200 MHz IF-1 1918. The presence of LO-2 1904 at
925 MHz that 1s required to mix the signal IF-1 1918 down to
the 275 MHz IF-2 1922 has an image frequency Image2
(4908 as shown 1 FIG. 49) at 650 MHz. The filter Q of the
1,200 MHz center frequency LC filter 1912 causes Image2 to
undergo 35 dB of rejection thus, attenuating 1it. To achieve 70
dB of image rejection another 35 dB of rejection must be
provided by the second mixer (4702 of FIG. 48) that converts
the signal from 1,200 MHz to 275 MHz.

Continuing with FIG. 48, the same structure as described in
the preceding paragraph 1s again encountered, but at a lower
frequency for the second IF 4914. Image rejection of the 275
MHz filter (1934 of FIG. 48) 1s less due to 1ts lower Q and the
fact that the 1mage frequency Image3 4912 1s Spaced only 88
MHz 4910 from the signal IF-2 4914. In the previous first IF
stage the image frequency Image2 4908 was spaced 550 MHz
4918 from the signal IF-1 4916, providing better image
attenuation by filter stop bands. In this situation 25 dB of
selectivity can be achieved in the filter, requiring 40 dB of
rejection 1n the mixer to achieve at least 65 dB of attenuation
of Image3.

Phase matching at lower Irequencies 1s more accurate
allowing better image rejection to be obtained from the third
mixer. The method of trading off filter selectivity against
mixer 1mage rejection at different frequencies advanta-
geously allows a receiver to successiul integrate the filters on
chip with the desired image frequency rejection. This process
1s described 1n detail in the following paragraphs.

Returning to FIG. 48, it 1s desired to up convert a channel
received 1n this band of signals 1906 to a channel centered at

an mtermediate frequency of 1,200 MHz 1918. A local oscil-
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lator 1908 produces irequencies from 1,250 MHz to 2060
MHz. For example, a channel centered at 50 MHz 1s mixed

with the local oscillator set at 1,250 MHz to produce first IF
frequency components 1918 at 1,200 MHz and 1,300 MHz.
Only one of the two frequency components containing iden-
tical information produced by the mixing process 1s needed;

the low side 1,200 MHz component 1s kept. Filtering 1912
tends to remove the unneeded high side component and other
desired signals.

Choosing the first IF 1918 to be centered at 1,200 MHz
makes the first IF susceptible to interference from a range of
first image frequencies from 2,450 MHz to 3,260 MHz (4906

as shown 1n FIG. 49), depending upon the channel tuned. The
lower image frequency of 2,450 MHz results from the first IF
of, 1,200 MHz being added to the lowest first LO present at
1,250 MHz to yield 2,450 MHz. The highest image frequency
results from the first IF of 1,200 MHz being added to the
highest first LO of 2,060 MHz to vield 3,260 MHz as the
highest first image. Choosing the first IF 1918 at 1,200 MHz
yields image frequencies (4906 of FIG. 49) that are well out
of the band of the recerver. The result tends to place undesired
frequencies far down on the filter skirts of filters present in the
receiver, attenuating them.

After a channel 1s up conversion to a first IF 1918 o1 1,200
MHz, it 1s next filtered by a bank of 3 LC band pass filters
1912 cach having 1ts response centered at 1,200 MHz 1n the
embodiment. These filters 1n conjunction with the second
mixer 4802 provide 70 dB of image frequency rejection (4908
of FIG. 49). Filters are advantageously integrated onto the
CMOS substrate. An LC filter comprises inductors (or coils)
and capacitors. An inductor implemented on a CMOS sub-
strate tends to have a low Q. The low Q has the effect of
reducing the selectivity and thus the attenuation of signals out
of band.

The attenuation of signals out of band can be increased by
cascading one or more filters. Cascading filters with identical
response curves has the efiect of increasing the selectivity, or
turther attenuating out of band signals. The embodiments of
the invention advantageously incorporate active g_ stage fil-
ters 1912,1934 to increase selectivity and provide circuit gain
to boost 1n band signal strength. Three cascaded active LC
filters implemented on a CMOS substrate yield a satisfactory
in band gain, and provide approximately 35 dB of out of band
image signal rejection 1n the embodiment described. How-
ever, the filters need not be limited to active L.C filters, other
characteristics and passive {filters are contemplate equiva-
lents.

The remaining 35 dB of image frequency rejection needed
must be achieved in the other circuitry. Hence, differential I/Q)
mixers 4802,4806 arc advantageously used to achieve this
approximate 35 dB of additional image rejection-required 1n
the first IF.

FIG. 50 1s a block diagram illustrating how image fre-
quency cancellation 1s achieved 1n an I/QQ mixer. An I/Q mixer
1s a device previously developed to achieve single side band
signal transmission. It 1s one of three known methods for
climinating one of two side bands. This type of mixer 1s able
to transmit one signal while eliminating or canceling another
signal. An I/QQ mixer advantageously possesses the properties
of 1mage frequency cancellation in addition to frequency
conversion. For example, returning to FIG. 48, a second LO
1904 of 925 MHz 1s used to create the down conversion to a
second IF 1922 of 275 MHz, while rejecting image frequen-
cies from the previous frequency conversion by LO1 1908.

The I/QQ mixers are implemented 1n several ways 1n the
invention. However the overall function 1s maintained. An
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interconnection of components that achieves I/QQ mixing 1s
illustrated 1n the exemplary I/Q) mixer 4802 shown in FIG. 48.

First an mput signal 1918 1s mput to a mixer assembly
comprising two conventional mixers 4828, 4830 of either a
differential (as shown) or single ended construction.

Local oscillator signals 1904, that need not necessarily be

buifered to achieve I/QQ mixing, are applied to each mixer. The
local oscillator signals applied to each mixer are of the same
frequency, but 90 degrees out of phase with each other. Thus,
one signal 1s a sine function, and the other 1s a cosine at the
local oscillator frequency. The 90 degree phase shift can be
generated in the I/QQ mixer or externally. In the circuit of FIG.
48 a conventional poly phase circuit 4832 provides the phase
shift and splitting of a local oscillator signal generated by
PLL2 4806.
Two IF signals, an I IF signal and a Q IF signal, are output
from the mixers and fed into another conventional poly phase
circuit 4834. The poly phase circuit outputs a single differen-
tial output IF signal.

Returning to FIG. 50, the I/Q mixer uses two multipliers
5002,5004 and two phase shiit networks 5006,5008 to imple-
ment a trigonometric identity that results 1n passing one sig-
nal and canceling the other. The trigonometric 1dentity uti-
lized 1s:

cOS(20f p i )COS(27f; 5 D) £SIN(2Tf 5 ) SIN(2T7Tf; 5, 1)=COS

[2(fre~fr01)t] (7)

where

t,1s an input signal 5010

t; 5 18 the first LO 5012
The signals produced and blocks showing operations to create
signal transformation of these signals to yield the desired final
result 1s shown 1n FIG. 50. The process makes use of a hard-
ware 1mplementation of the trigonometric identities:

(8)

sin{z)sin(v)=Y2[cos(z#—v)—cos(u+v)]
and

(9)

By applying these trigonometric 1dentities to the signals cre-
ated by the two mixers, the product of the sine waves 5014 1s:

cos(u)cos(v)=L2[cos(u—v)+cos(u+v)]

Lo[cos(2ml; o t—27i 5 A )—cos(2mt; 5 t+2mi 5 1) (10)

and the product of the cosines 5016 1s:

Lo[cos(2mt; o t—2mt, ) +cos(2me; o t+ 275 1)

(11)

Thus, two frequencies are created by each multiplication.
Two of the frequencies have the same s1gn and frequency, so
that when they are added together 5018 the resultant signal 1s
a positive sum 5020. The other frequency created cancels
itself out 5022. The sum frequency component created by the
product of the sines 1s a negative quantity. The same sum
frequency component created by the multiplication of the
cosines 1s positive and of equal magnitude. Thus, when these
signals are added together one frequency component, the
difference, that 1s present 1n each signal has twice the ampli-
tude of the individual signals and the second, sum frequency
created 1s of opposite polarnity of the other signal created and
cancels out when the signals are added together. Thus, the
difference frequency 1s passed to the output while the sum
frequency component 1s canceled.

The implementation of this trigonometric i1dentity by a
circuit 1s very useful for canceling image frequencies. As
shown 1n FIG. 4 signal, S and image signal I are equally
spaced by the IF frequency from the local oscillator fre-
quency. The signal frequency would be represented by the
term (2ml, ,,t-27i,-t) and the 1image frequency would be
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represented by (2nl; ,,t+2ml,-t). In the embodiments of the
invention, the phase shifting and summing functions are per-
formed utilizing standard polyphase or other circuits known
in the art.

Mathematically exact cancellation can be achieved. How-
ever, real circuit components are not able to achieve exact
cancellation of the image frequency. Errors 1in phase occur 1n
the circuitry. A phase error of 3° can yield an image frequency
suppression of 31.4 dB_ and a phase error of 4° can yield an
image frequency suppression of 28.9 dB_. These phase errors
tend to be achievable 1n an 1ntegrated circuit on CMOS. To
attempt to achieve the entire 70 dB_. of image rejection tends
to be undesirable, thus necessitating the filters. For example,
to achieve 59 dB . of image frequency rejection a phase error
tending to be of no more than 0.125° 1n the mixer would be
allowable.

By combining image frequency rejection achievable by an
LC filter implemented in CMOS with an I/QQ mixer’s image
rejection properties, properties that tend to be achievable in a
CMOS 1ntegrated circuit, a required 1mage frequency rejec-
tion 1s obtamned. Additionally, the frequency of a first up
conversion has been advantageously selected to place an
image Irequency of a first LO well down the filter skirts of a
1,200 MHz LC filter bank, thus achieving the desired image
frequency rejection.

Returning to FIG. 48, buller amplifiers 4810 are used to
recondition the amplitudes of LO signals 1908,1904,1930
that drive the I/Q ports of mixers 4802,4806. A distance of
several millimeters across a chip from where LOs are gener-
ated 4504,4506,4508,4502 to where 1t1s applied at the mixers
1916,4802,4806 tends to require reconditioning of the slopes
of the local oscillator signals. Buflering also tends to prevent
loading of the PLLs 4504,4806.

Eliminating any preselection filtering requiring tunable
band pass filters 1s desirable. To do this image frequency
response and local oscillator (LO) signals are set to fall out-
side of a received signals bandwidth. The first signal conver-
sion tends to eliminate any requirements for channel selec-
tivity filtering in the receiver front end. Because of the
integrated circuit approach to this design it 1s desirable to
locate an LO outside of the signal bandwidth to reduce dis-
tortion created by the iteraction of the received signals and
the first local oscillator signals.

An approximately 35 dB of out-of-band channel rejection
in the first IF stage’s filter 1912 1s insufficient. The additional
35 dB of selectivity provided by a mixer 4802 increases
selectivity. However, 1t 1s desirable to mix down a received
signal as quickly as possible. This 1s desirable because at
lower frequencies filters tend to have better selectivity than at
the higher IF frequencies. By converting a recetved signal to
as low a frequency as possible as quickly as possible better
filtering tends to be obtained. Two frequency down conver-
s10ns are next performed.

Filters are available that will achieve a better rejection than
an LC filter at a given frequency, for example a SAW filter.
While better filtering of the intermediate frequencies could be
obtained with a filter such as a SAW filter at a higher fre-
quency, a fully integrated recerver would not be achievable. A
SAW filter 1s a piezoelectric device that converts an electrical
signal to a mechanical vibration signal and then back to an
clectrical signal. Filtering 1s achieved through the interaction
of signal transducers 1n the conversion process. A filter of this
type 1s typically constructed on a zinc oxide (ZnO,), a mate-
rial that 1s incompatible with integration on a CMOS circuit
utilizing a silicon (S1) substrate. However in alternative
embodiments of the mmvention, SAW or other filter types
known 1n the art including external LC filters are contemplate
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embodiments. In particular, a hybrid construction utilizing
receiver itegrated circuit bonded to a hybrid substrate and
filters disposed on the substrate 1s contemplated.

Returning to the frequency plan of FIG. 49, there 1s an
image response (Image2) 4908 associated with the second
local oscillator signal (LO,) 4920. Returning to the embodi-
ment of FIG. 48, this Image2 signal occurs at {, ,,—1,-,=925
MHz-275 MHz, which 1s 650 MHz. If there 1s a signal of 650
MHz at the receiver’s input 4808 it 1s possible that a 650 M Hz
signal will be mixed down to the second IF frequency (IF,)
(1922 of FIG. 48) causing interference with the desired
received signal which 1s now located at the second IF fre-
quency. To reduce interference from this signal the recerver
has been designed to produce greater than 65 dB of rejection
of Image2 by the mechanism previously described for the
1,200 MHz LC filter bank 1912 of FIG. 48.

Returning to FIG. 48, the third IF 1s next generated. The
third LO 1930 1s created by direct synthesis. The divide by 4
block 4802 creates a 231 MHz third LO (LO,) consisting of
and Q signals required to mix the 275 MHz second IF 1922
down to the third and final IF frequency of 44 MHz 1926. A
second down conversion to the 275 MHz third IF 1s used in the
design. If a 1,200 MHz first IF signal were down converted
directly to 44 MHz a local oscillator signal of 1156 MHz
(1,200 MHz-44 MHz) would be required. A resulting image
frequency for this local oscillator would be at 1,112 MHz
(1,200 MHz-88 MHz). A 1,112 MHz image would fall within
the band of the 1,200 MHz LC filter. Thus, there would be no
rejection of this image frequency from the first IF s filter since
it falls 1n the pass hand. Therefore, the intermediate frequency
conversion to a second IF of 275 MHz 1s used to reduce the
cifects of the problem.

The 231 MHz third LO 1936 falls close to the center of the
received signal band width 1906. With the three frequency
conversions of the design the third LO necessarily falls within
the recerved signal band. This 1s undesirable from a design
standpoint. This 1s because any spurious responses created by
a third local oscillator signal fall within the received signal
bandwidth. The present embodiment of this invention advan-
tageously minimizes these undesirable effects.

In generating the third LO signal of 231 MHz, typically a
phase lock loop containing a voltage controlled oscillator
would be used. However, these frequency components tend to
be primary generators of spurious products that tend to be
problematic. The present embodiments of the invention
advantageously avoids the use of a PLL and the attendant
VCO 1n producing the third LO signal 1930 at 231 MHz. A
divide by 4 circuit 4802 utilizes two flip-flops that create the
I and Q) third LO signals 1930 from the 925 MHz second LO
1904. This simple direct synthesis of the third LO tends to
produce a clean signal. The reduced generation of distortion
within the signal band tends to be important 1n an integrated
circuit design where all components are 1n close physical
proximity. If a PLL were used to generate the 231 MHz signal
an external loop filter for the PLL would be utilized, provid-
ing another possible path for noise mjection. By elegantly
generating this third LO, that necessarily falls within the
received signal bandwidth, noise and interference 1njection
through the substrate into the received signal path tends to be
minimized.

LC filter tuning 4812,4814,4816 1n the embodiment 1s
advantageously performed at startup of the chip. A “1,200
MHz filter tuning’” circuit 4812 tunes the 1,200 MHz low pass
filters 1912; a *“2°75 MHz filter tuning” circuit 4814 tunes the
2’75 MHz low pass filter 1934; and a “44/36 MHz filter tun-
ing”” circuit 4816 alternatively tunes a final LC filter 1936 to
one of two possible third IF frequencies (44 MHz or 36 MHz)
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depending upon the application. Alternatively, in this
embodiment, the filtering of the third IF frequencies 1s done
by an external filter 4818. This external filter may have a saw
device or other type of filter that provides satisfactory filtering
of the third IF frequency.

As previously described, the filter tuning circuits 4812,
4814,4816 utilize tuming signals based on the PLL2 signal
4806, with the “44/36 MHz filter tuning” circuit utilizing the
PLL2 frequency divided by four 4802. However, the tuning
signals selected may vary. Any or all of the PLLs 4804,4806,
4802 or reference oscillator 4808 may be used to generate a
filter tuning signal. Also a single frequency can be used to
tune all filters with the appropriate frequency scaling applied.
In tuning the LC filters, first the chip 1s turned on and PLL2
4806 must lock. PLL2 must first lock at 925 MHz as previ-
ously described. A VCO 1n the PLL 4806 1s centered by
adjusting 1ts resonant circuit with tunable capacitors as pre-
viously described.

Once the PLL2 1s adjusted to 925 MHz a write signal 1s sent
out to indicate that a stable reference for filter tuning 1s avail-

able. Once a stable 925 MHz reference for tuming 1s available
the 1,200 MHz filter, the 275 MHz filter tuning previously
described takes place. Once the filter tuning 1s fimished the
filter tuning circuitry sends out a signal over an mternal con-
trol bus structure, linking the receiver to a controller indicat-
ing that the tuning has finished. The receiver 1s now ready to
select and tune a channel.

Frequency tuning of received channels 1s accomplished in
the embodiment with a coarse and fine PLL adjustment as
previously described. The tuning 1s performed 1n such a way
that there 1s always a third IF present at the output during the
tuning process. PLL1 4804 1s the coarse tuning PLL that tunes
in 10 MHz steps. PLL2 4806 1s the {ine tuning PLL that tunes
in 100 KHz steps. Exemplary tuning steps can be made as
small as 25 KHz. A 100 kHz step 1s used for QAM modula-
tion, and a 25 KHz step 1s used for NTSC modulation.

At the mnput of the tuner each exemplary channel 1s sepa-
rated by 6 MHz. PLL1 Jumps n tumng steps of 10 MHz.
Therefore, + or —4 MHz 1s the maximum tuning error. If the
filters used had a narrow band pass characteristic this tuning
approach tends to become less desirable. For example, 1t the
filter bandwidth was one channel, 6 MHz, wide and the first IF
couldbe 1204 MHz or 1196 MHz. Thus, the selected channel
would not be tuned. The bandwidth of the cascaded filters in
the first IF strip 1s approximately 260 MHz. The bandwidth of
the filters centered at 275 MHz 1n the second IF strip 1s
approximately 50 MHz. The bandwidths are set to be several
channels wide, a characteristic that advantageously takes
advantage of the low Q 1n the LC filters built on the chip. The
two PLLs guarantee that a third IF output 1s always obtained.
The first PLL that tunes coarsely must tune from 1,230 to
2,060 MHz, a wide bandwidth. PLLL2, the fine tuning PLL,
must tune from + to -4 MHz, which tends to be easier to
implement.

FIG. 51 shows a second exemplary embodiment of the
invention. This embodiment 1s similar to the embodiment of
FIG. 48, however it eliminates the first IR reject mixer (4802
of FI1G. 48). The approximately 35 dB of image rejection that
has been eliminated due to the removal of the IR reject mixer
1s made up by increased filter rejection prowded by a 1,200
MHz LC filter bank 5101. The IR reject mixer 1s replaced with
a conventional differential mixer 5104. The 10 required 1s a
single differential LO signal 5106 rather than the differential
I and Q) signals previously described. Better filters are used or
alternatively an additional series of three 1,200 MHz LC
filters 1912 for a total of s1x cascaded filters 5101 to provide
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suificient 1mage rejection are provided. This design provides
the advantage of being simpler to implement on an integrated
circuit.

If a higher Q or better filter selectivity 1s realized on the
integrated circuit 65 dB of image frequency rejection at 650
MHz 1s required. In an alternate embodiment of the invention
the third down conversion can be accomplished 1n a similar
manner by eliminating the third I/Q mixer 4806 and increas-
ing the selectivity of the 275 MHz filter bank 5102. The mixer
4806 1s replaced with a conventional mixer requiring only a
single differential third LO.

FIG. 52 shows a third alternate embodiment of the inven-
tion that tends to provide continuous tuning of the filter over
temperature, and tends to more accurately keeps the response
curve of the filter centered on the desired frequency. This
embodiment of the mmvention preserves the separation of 1
5202 and Q 5204 signals through the second IF stage 5206. In
the third frequency conversion stage 5208 the I and Q signals
are transformed into I', I, Q, and Q signals. This alternate
embodiment of the invention relies on a “three-stage poly
phase” 5210 to provide image cancellation. The advantage of
using a gyrator 1n place of dual LC filter bank 5212 1s that a
close relationship between I and Q tends to be maintained
throughout the circuit. The phase relationship at the output of
the gyrator filter tends to be very close to 90°. If an LC filter
1s utilized there 1s no cross-coupling to maintain the phase
relationship as in the gyrator. In the LC filter configuration
complete reliance upon phase and amplitude matching is
relied upon to maintain the I and Q signal integrity. The
gyrator circuit has the additional advantage of tending to
improve the phase relationship of signals mitially presented
to 1t that are not exactly in quadrature phase. For example, an
I signal that 1s imitially presented to the gyrator that 1s 80° out
of phase with 1ts Q component has the phase relation continu-
ously improved throughout the gyrator such that when the
signals exit the gyrator quadrature phase of 90° tends to be
established between the I and (Q signals, such as in a
polyphase circuit element. This present embodiment of the
invention provides the additional benefit of being easily inte-
grated onto a CMOS substrate since the gyrator eliminates the
inductors that an LC filter would require. Filter timing and
frequency generation utilize the methods previously
described.

FIG. 53 1s a block diagram of an exemplary CATV tuner
that incorporates an embodiment of the present mvention.
The exemplary embodiments of the recerver are for terrestrial
and cable television reception of signals from 50 to 860 MHz.
Television signals in this exemplary band are frequency QAM
or NTSC modulated signals. A recerver as described performs
equally well 1n receiving digital or analog signals. However,
it 1s to be understood that the receiver architecture disclosed
will function equally well regardless of the frequencies used,
the type of transmaission, or the type of signal being transmit-
ted. With regard to signal levels mput to the receiver, the
dynamic range of the devices used 1n the receiver may be
adjusted accordingly. Thus, 1n a wide-band recerver distortion
products are particularly problematic. The recerver disclosed
in the exemplary embodiments of the present invention tends
to advantageously reduces interference problems created by
this type of distortion.

In the exemplary embodiments of the invention signals
input to the recerver may range from +10to +15 dB_ . Where,
zero dB_=10 log(1 mV/1 mV). It should be noted that 1n the
case of a cable transmitting the RF signals, that an attenuation
envelope impressed on the signals will have a downward or
negative slope. This downward or negative slope 1s a result of
a low pass filter characteristic of the coaxial cable. This effect
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may be compensated for by introducing a gain element in the
signal chain that has positive slope, to compensate for the
negative slope resulting from cable transmission.

In a wide band receiver designed to process signals
received over multiple octaves of band width, this transmis-
s10n characteristic can present a problem. For example, 1n the
cable television band going from 50 to 860 MHz 1t 1s possible
for distortion products created by the lower frequency signals
in this band width to fall upon one of the higher tuned fre-
quencies, for example 860 MHz. In a multi octave band-width
receiver harmonic signals are problematic since they also fall
within the receiver band-width, and cannot be low pass {fil-
tered out. If a channel at one of the higher frequencies 1s the
desired signal that the recerver 1s tuned to, the low pass filter
characteristic of the cable, or transmission medium, reduces
the strength of this desired tuned signal relative to the lower
frequency untuned signals. Because of the relatively greater
strength of the lower frequency signal, the strength of the
distortion products generated by them, are comparable 1n
strength to the desired tuned signal. Thus, these distortion
products can cause a great deal of interference with the
desired received signal when one of their harmonics coinci-
dentally occurs at the same frequency as the tuned signal.

The frequency plan of this tuner allows it to be 1mple-
mented 1n a single CMOS integrated circuit 4822 and func-
tions as previously described in FIG. 48. This exemplary
single up-conversion dual down conversion CATV tuner uti-
lizes two PLLs that run off of a common 10 MHz crystal
oscillator 53302. From the 10 MHz crystal oscillator refer-
ences the PLLs generate two local oscillator signals that are
used to mix down a received radio frequency to an interme-
diate frequency. This mtegrated CATV tuner advantageously
uses differential signals throughout 1ts architecture to achieve
superior noise rejection and reduced phase noise. The
receiver ol the present mvention advantageously provides
channel selectivity and 1mage rejection on the chip to mini-
mize the noise injected into the recerved signal path. The
differential configuration also tends to suppress noise gener-
ated on the CMOS substrate as well as external noise that 1s
radiated into the differential leads of the 10 MHz crystal that
connect 1t to the substrate. In this embodiment, an external
front end as previously described 1s supplied on a separate
chip 5304 and an external filter 3306 1s utilized.

The details of integrated tuners are disclosed 1n more detail
in U.S. patent application Ser. No. 09/439,101 filed Nov. 12,
1999 (B600:33756) entitled “Fully Integrated Tuner Archi-
tecture” by Pieter Vorenkamp, Klaas Bult, Frank Carr, Chris-
topher M. Ward, Ralph Duncan, Tom W. Kwan, James Y. C.
Chang and Haideh Khorramabadi; based on U.S. Provisional
Application. No. 60/108,459 filed Nov. 12, 1998 (B600:
333586), the subject matter of which 1s incorporated 1n this
application 1n 1ts entirety by reference.

Telephony Over Cable Embodiment

FIG. 54 15 a block diagram of a low power embodiment of
the receiver that has been configured to receive cable tele-
phony signals. These services among other cable services
offered make use of RF receivers. A cable telephone recerver
converts an RF signals present on the cable to a baseband
signal suitable for processing to an audio, or other type of
signal routed to a telephone system and a subscriber via two
way transmission. When such services are widely offered,
and are packaged into a common device, per unit cost and
power dissipation tend to become concerns. It 1s desirable to
provide a low cost and power efficient receiver.

Receivers integrated onto a single chip that incorporates
filters on the chip reduce cost. However, placing filters onto a
an integrated circuit results 1n a high power consumption by
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the chip. On chip filters require tuning circuitry that tends to
consume significant amounts of power. Removal of this cir-
cuitry allows reduction of power levels to below 2 Watts per
receiver. Each time that a signal 1s routed off of an integrated
circuit the chances of 1increasing system noise are increased
due to the susceptibility of the external connections to the
pick up of noise. Caretul signal routing and the proper ire-
quency planning of the present embodiment are calculated to
reduce these undesired effects.

First, an input signal 1s passed through an RF front end chip
5304 as previously described. The first frequency up conver-

s1on to the first IF 5402 1s performed on the integrated receiver
chip. After passing a 50-860 MHz signal through a recerver
front end 5304 that provides a differential output to the

receiver chip 5404 the signal 1s down converted to 1,220 MHz
5402. The 1,270 to 2,080 MHz LO 5406 1s generated on chip
by a first PLL circuit, PLL1 5408. The 1220 MHz differential

signal 1s passed through builer amplifiers 5410 and 1s applied
to an off chip differential signal filter 5412, with a center
frequency at 1,220 MHz having a characteristic impedance of
200 Ohms. The differential signal tends to provide the nec-
essary noise rejection when routing the signal off and subse-
quently back onto the chip. Next the signal 1s routed back on
to the 1ntegrated circuit 5404 where 1t 1s again passed through
a send buller amplifier 5414.

The second frequency down conversion to the second IF
5416 1s performed on the 1ntegrated receiver chip. An 1,176
MHz ditfferential I and Q LO 5418 1s generated on the inte-
grated circuit by a second PLL, PLL2 5420 and polyphase
5422. Theresulting second IF frequency 5616 1s 44 MHz. The
mixer used to generate the second IF 1s an I/Q type mixer 5424
that subsequently passes the signal through a polyphase cir-
cuit 5426. The second IF 1s then passed through a third buifer
amplifier 5428. The signal 1s next routed off chip to a differ-
ential filter centered at 44 MHz 5430. After filtering the signal
1s returned to the integrated circuit where it undergoes ampli-
fication by a variable gain amplifier 5432.

The details of a low power recerver design are disclosed 1n
more detail in U.S. patent application Ser. No. 09/439,102
filed Nov. 12, 1999 (B600:36232) entitled “System and
Method for Providing a Low Power Receiver Design™ by
Frank Carr and Pieter Vorenkamp; based on U.S. Provisional
Application No. 60/159,726 filed Oct. 15, 1999 (B600:
34672), the subject of which 1s 1incorporated 1n this applica-
tion 1n 1ts entirety by reference.

Electronic Circuits Incorporating Embodiments of the
Recetver

FIG. 55 shows a set top box 5502 used 1n receiving cable
television (CATV) signals. These boxes typically incorporate
a recerver 5504 and a descrambling unit 5506 to allow the
subscriber to recerve premium programming. Additionally,
on a pay for view basis subscribers can order programming
through their set top boxes. This function additionally
requires modulation circuitry and a radio frequency transmit-
ter to transmit the signal over the CATV network 5508.

Set top boxes can, depending on the nature of the network,
provide other services as well. These devices include, IP
telephones, digital set-top cards that fit into PCs, modems that
hook up to PCs, Internet TVs, and video conferencing sys-
tems.

The set-top box 1s the device that interfaces subscribers
with the network and lets them execute the applications that
reside on the network. Other devices in the home that may
eventually connect with the network include IP telephones,
digital set-top cards that fit into PCs, modems that hook up to
PCs, Internet TVs, and video conferencing systems.




US 8,035,162 B2

59

To satisfactorily provide digital services requiring high
bandwidth, set top boxes must provide a easy to use interface
between the user and CATV provider. Memory 5510 and
graphics driven by a CPU 5512 tend to make the application
as appealing as possible to a user when interfaced with a set
top box 3514.

Also the set-top can receive data 1n Internet Protocol for-
mat and has an IP address assigned to 1t. Also, satisfactory
methods of handling reverse path communications are
required to provide interactive digital services. All of these
services utilize an operating system resident in the set top box
5502 for providing a user interface and communicating with
the head end 5514 where the services are provided.

To receive services, and transmit requests for service, bidi-
rectionally across a CATV network the data signal must be
modulated on a RF carrier signal. The set top box 1s a conve-
nient place to modulate the carrier for transmission, or to
convert the modulated carrier to a base band signal for use at
the user’s location.

This 1s accomplished with a radio frequency (RF) trans-
mitter and receiver, commonly referred to 1n combination as
a transcerver 5508. A bidirectional signal from a cable head
end 3514 1s transmitted over a cable network that comprises
cable and wireless data transmission. At the subscriber’s loca-
tion a signal 3406 1s recerved an iput to the subscriber’s set
top box 5502. The signal 3406 1s mput to a set top box
transceiver 3504. The set top box transceiver 5504 comprises
one or more receiver and transmitter circuits. The recerver
circuits utilized are constructed according to an embodiment
of the invention. From the set top box transceiver, recerved
data 1s passed to a decryption box 5506. If the television
signal has been encrypted, this box performs a necessary
descrambling operation on the signal. After being passed
through the decryption box, the signal next 1s presented to a
set top box decoder 3416 where the signal 1s demodulated into
audio and video outputs 3414. The set top box incorporates a
CPU 5512 with graphics capabilities and a memory 5510 to
provide an interface and control the set top box through a data
transier structure 5514. An optional mput output capability
5516 1s provided for a direct user interface with the set top
box. To transmit 1instructions from the user to the head end,
information 1s transmitted over data transfer structure 5514
into the transceiver module to the mternal transmitter via the
cable TV network to the head end.

FIG. 56 1s an 1illustration of the integrated television
receiver 5602. This television could be one that processes
digital or analog broadcast signals 5604. An exemplary inte-
grated switchless attenuator and low noise amplifier 3408 1s
the first stage 1n a receiver contained in a television set. The
integrated switchless attenuator and low noise amplifier 1s
used as a “front end” of the recerver to adjust the amplitude of
the incoming signal. Incoming television signals whether
received from a cable or antenna vary widely i strength, from
received channel to channel. Differences in signal strength
are due to losses 1n the transmission path, distance from the
transmitter, or head end, obstructions in the signal path,
among others.

The front end adjusts the recerved signal level to an opti-
mum value. A signal that 1s too strong produces distortion in
the subsequent circuitry by over driving 1t into a non linear
operating region. A signal that 1s too week will be lost 1n the
noise floor when subsequent high noise figure circuitry 1s
used 1n an attempt to boost the signal strength. When used in
conjunction with “automatic level control” (5604) circuitry
the integrated switchless attenuator and low noise amplifier
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responds to a generated feed back signal input to its control
voltage terminal to adjust the mput signal level to provide
optimum performance.

After passing through the front end 3408, the RF signals
5604 are input to tuner 5620. This tuner circuit 1s as described
in the previous embodiments where a single channel 1is
selected from a variety of channels presented in the input
signal 5604. An automatic fine tuning circuit (“AF1”’) 4622 1s
provided to adjust the level of the final IF signal 5624 being
output to the television signal processing circuitry 3610. The
signal processing circuitry splits the audio signal 5602 off of
the final IF signal 5624 and outputs 1t to an audio output
circuit such as an amplifier and then to a speaker 5618. The
video signal split from IF signal 5624 1s delivered via video
signal 5606 to video processing circuitry 5612. Here the
analog or digital video signal 1s processed for application as
control signals to the circuitry 5614 that controls the genera-
tion of an 1mage on a display device 5626. Such a receiver
would typically be contained in a television set, a set top box,
a VCR, a cable modem, or any kind of tuner arrangement.

FIG. 57 15 a block diagram of a VCR that incorporates an
integrated recerver embodiment 3702 1n 1ts circuitry. VCRs
are manufactured with connections that allow reception and
conversion of a television broadcast signal 5704 to a video
signal 5706. The broadcast signals are demodulated 5708 1n
the VCR and recorded 5710 on a recording media such as a
tape, or output as a video signal directly. VCRs are a com-
modity item. Cost pressures require economical high perfor-
mance circuitry for these units to provide additional more
features as the prices decline 1n the marketplace.

FIG. 38 shows a block diagram of a typical cable modem.
A “Cable Modem” 1s a device that allows high speed data
connection (such as to the Internet) via a cable TV (CATV)
network 5812. A cable modem commonly has two connec-
tions, one to the cable TV wall outlet 5802 and the other to a
computer 5804.

There are several methods for connecting cable modems to
computers, Ethernet 10BaseT 1s an example. The coax cable
5808 connects to the cable modem 5806, which 1n turn con-
nects to an Ethernet card 53814 1in a PC. The function of the
cable modem 1is to connect broadband (i.e., the cable televi-
sion network) to Ethernet. Once the Ethernet card has been
installed, the TCP/IP software 1s typically used to manage the
connection.

On-line access through cable modems allows PC users to
download information at a speeds approximately 1,000 times
faster than with telephone modems. Cable modem speeds
range from 500 Kbps to 10 Mbps. Typically, a cable modem
sends and receives data in two slightly different, or asynchro-
nous fashions.

Data transmitted downstream, to the user, 1s digital data
modulated onto a typical 6 MHz channel on a television
carrier, between 42 MHz and 750 MHz. Two possible modu-
lation techmques are QPSK (allowing data transmission of up
to 10 Mbps) and QAM64 (allowing data transmission of up to
36 Mbps). The data signal can be placed 1n a 6 MHz channel
adjacent to an existing TV signals without disturbing the
cable television video signals.

The upstream channel to the ISP provider 1s transmitted at
a rate between 5 and 40 MHz. This transmission path tends to
inject more noise than the downstream path. Due to this
problem, QPSK or a similar modulation scheme in the
upstream direction 1s desirable due to noise immunity above
that available in other modulation schemes. However, QPSK
1s “slower” than QAM.

Cable modems can be configured to incorporate many
desirable features in addition to high speed. Cable modems
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can be configured to include, but are not limited to, a modem,
a tuner 5816, an encryption/decryption device, a bridge, a
router, a NIC card, SNMP agent, and an Ethernet hub.

To transmait and receive the data onto the cable television
channel 1t must be modulated and demodulated respectively.
This 1s accomplished with a radio frequency (RF) transmitter
and receiver, commonly referred to in combination as a trans-
ceiver 5818. The recerver’s front end 5820 1s advantageously
provided as previously described.

ESD Protection

FI1G. 59 1s an 1llustration of a typical integrated circuit die
layout. An IC die 5900 1s typically laid out with a series of
pads 5904 at the edge of the die. This peripheral area of the die
1s referred to as the pad ring 5906. Typically at the center of
the die a core 5902 1s located. The core contains the circuit
functions being performed on the integrated circuit die 5$900.
An 1ntegrated circuit die 1s typically placed 1nside of an IC
package or “header”. The IC package provides a mechani-
cally sturdy package to protect the die 5900 and interface
reliably with external circuitry. The pads 5904 1n the pad ring
5906 are typically wire bonded to pins fixed 1n the header.
Arranging pads 3904 in a peripheral pad ring 5906 allows for
case 1 an automated wire bonding from header pins to the
pads of the die 5900.

Thus, on an IC die 5900, typically configured as shown in
FIG. 59, the pads 5904 located in the pad ring 5906 are an
intermediate connection between the circuit core 5902 and
outside connections on the IC package.

The pad ring of an 1ntegrated circuit die typically provides
a convenient place to provide electrostatic discharge (“ESD”)
protection circuitry. ESD discharge occurs when static build-
up of electrical charge occurs. A static charge build-up typi-
cally comprises a high voltage until discharged. A static
charge built up upon a surface will jump, or arc, to another
surface of lower potential once the voltage difference
between the surfaces exceeds a spark gap voltage for a dielec-
tric, that separates the two surfaces. Spark gap voltages are
typically rated 1n volts per inch. This 1s the voltage required to
arc from one surface to another, located one inch away from
cach other with a given maternial present between the surfaces.
For a given separating material a charge will arc from one
surface to the other for a lower value of potential 1t the
surfaces are moved closer together. In integrated circuits dis-
tances between conductors or devices present on an inte-
grated circuit tend to decrease as the degree of miniaturization
increases. Thus, electrostatic discharge from one surface to
another within an mtegrated circuit tends to occur at smaller
voltages as the state of the art advances.

ESD 1s a major source of integrated circuit damage. Alter a
charge builds up to a point where it arcs from one surface to
another, the arcing causes damage to the integrated circuait.
Typical damage comprises holes punched 1n a substrate and
destruction of transistors in the core 5902.

ESD protection 1s typically provided by a device that pro-
vides a low impedance discharge path from an IC pin to all
other pins including ground when an ESD charge exceeds a
pre-designed threshold voltage of the protection device. Dur-
ing normal operation of the circuit the ESD device does not
cause a loading at the IC pin. Better ESD protection tends to
be produced when a lower trigger threshold 1s provided in the
ESD protection circuit. (ESD circuits provide a low imped-
ance discharge path from any pin of an integrated circuit to
any other pin once an ESD triggers a given threshold designed
into an ESD circuit). Thus, to protect integrated circuits from
ESD signal 1solation from pin to pin 1s undesirable. To with-
stand an ESD event, large structures with sufficient spacing
tend to provide increased ESD protection.
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However, from a signal 1solation prospective, 1t 1s desirable
to have a high signal 1solation between integrated circuits
pins. Isolation between pins 1s particularly desirable 1n RF
integrated circuits. To function properly, circuits tend to
require power supply lines, ground lines and signal lines that
are 1solated. ESD circuitry conflictingly tends to require all

pins to be imterconnected somehow. Furthermore, RF 1C’s
tend to need small structures 1n order to enhance bandwidth

and reduce noise. This requirement 1s contradictory to an

ESD’s circuits requirement for structures that handle large
currents.

An 1ncreasing trend 1n itegrated circuit design 1s to mix
high speed and/or high frequency circuitry with high digital
circuits. Digital circuits tend to generate high noise levels
within an IC. Digital circuit noise tends to intertere with other
circuit functions present on the die. The individual circuits
present on the die are often designed 1n blocks that define a
given area on the die substrate. These circuit blocks contain-
ing sensitive circuitry are shielded as much as possible from
the digital circuitry.

A common technique to minimize noise 1njection 1s to put
different circuit blocks on separate power and ground lines.
Sensitive circuits 1n this arrangement are placed as far as
possible from noisy circuitry. While this arrangement tends to
improve power supply and ground 1solation, ESD discharge
problems tend to be aggravated.

During ESD discharge a current flows from one to point to
another through path of least resistance. If a path 1s not
present, or inadequate, parasitic discharge paths tend to form
causing damage to the integrated circuit. Thus, circuitry sepa-
rated by large distances to minimize cross talk and noise
injection tend to be susceptible to damage from ESD dis-
charge over parasitic paths.

For example, for a noise sensitive mixed mode IC fabri-
cated by a CMOS technology, a non-epitaxial process 1s pre-
terred due to the processes ability to provide a higher sub-
strate 1solation. However, the non-epitaxial CMOS process
tends to create undesirable ESD discharge paths due to a
triggering of a parasitic bipolar structure inherent with the
process. These discharge paths tend to pass through and dam-
age core circuitry. Thus, 1t 1s desirable to provide a structure
that tends to control ESD discharge paths.

From an ESD design standpoint, large ESD structures pro-
vide better protection than a smaller structure. However, in
noise sensitive circuits, the large ESD structures connected to
the circuitry tend to act as noise sources, degrading circuit

performance. Thus insertion of ESD structures 1n noise sen-
sitive circuits must be done with care.

FIG. 60 illustrates an embodiment of the mvention that
utilizes pad ring power and ground busses. A pad ring buss
utilizes a reference VDD 6002 and a reference ground ring
6004 that run through the entire pad ring of a die along the
exterior edge of the die. In an embodiment, the pads 5904
along an edge of the die are arranged 1n line. In an alternate
embodiment, the pads 5904 may be staggered along the edge
of the die 5900.

The reference VDD rings and reference ground rings serve
to connect a series of localized power domains contained in
the core 5902 of the die. Because of the block structure
making up individual circuit functions within the core com-
prise localized power domains they connect to a primary
power bus 1n the pad rings. The pad rings 6002, 6004 may be
broken 6006 to prevent the formation of a current loop caus-
ing eddy currents. The pad rings are connected to individual
power domains within the circuit through ESD discharge
protection structures.
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FIG. 61 1s an illustration of the connection of a series of
power domains 6102, 6104, 6106 to a pad ring bus structure
6002, 6004. On die 5900 pad rings 6002, 6004 are disposed
about the periphery of an itegrated circuit. The pad rings are
provided with a gap 6006. The pad rings surround an inte-
grated circuit core 5902 that comprises one or more circuit
blocks 6102, 6104, 6106. Within each block a localized power
and ground bus structure 1s provided for each block 6110,
6112, 6114 respectively. ESD discharge protection devices
6108 are utilized to prevent electrostatic discharge damage.

The localized bus structures 6110, 6112, 6114 are con-
nected through ESD discharge protection devices to the pad
rings at a single point. In this structure, no localized power
supply or ground line 1s more than two ESD structures away
in potential drop from any other voltage or ground structure.

FIG. 62 1s an 1illustration of an embodiment utilizing an
ESD ground ring 6200. In the embodiment shown a set of
localized power and ground buses 6110, 6112, 6114 arc
located 1n a corresponding circuit function blocks 6102,
6104, 6106. It 1s understood that the localized power and
ground busses may contain multiple power and ground lines,
and that for simplicity in explanation a single power supply
line and ground line will be discussed. It 1s also understood
that any number of circuit function blocks may be utilized in
the circuit to provide the desired protection. The circuit func-
tion blocks are protected from ESD by utilizing the ESD
ground ring 6200 coupled to a series of ESD protection
devices 6204, 6108.

Each of the localized power and ground busses being pro-
tected 1s configured as 1n circuit function block 6102. The
interconnections in circuit block 6102 will be discussed as a
representative example of all connections. A discharge path
for power supply lines 1s through the ESD protection device
6108 coupled between a local power line VDD1 and a local
ground line GND1. The ESD ground ring and ESD protection
devices provide 1solation between the voltage buss and
ground within the circuit blocks 6102, 6104, 6106. The struc-
ture also provides an ESD discharge path between any voltage
bus line contained in another circuit function block and
ground.

Local grounds 6110, 6112, 6114 are coupled through an
ESD clamp structure 6204 to the ESD ground ring. To prevent
eddy currents from forming, a gap 6006 1s cut in the ESD
ground ring 6200. A bond pad 6202 coupled to the ESD
ground 6200 1s provided to couple the ESD ground to a
system ground. Coupling an ESD ground to a system ground
tends to decrease noise that tends to be coupled through the
ESD ground ring into the circuit core 5902.

In each circuit function block all individual grounds Gndl
Gnd2 Gnd3 are connected to the ESD ground ring through a
pair ol anti-parallel diodes 6204. In addition to ant1 parallel
diodes other ESD triggered protection devices may be
equivalently utilized. Thus, with the connection described,
any ground 1n any circuit block 1s only two diode potential
drops (approximately 0.6 of a volt for a silicon diode) away
from any other ground 1n any circuit block.

When implemented in a CMOS technology the substrate 1s
conductive. In CMOS technology the ground lines 1n each
block are inherently coupled to each other through the sub-
strate. By going through the ESD ground ring the localized
grounds tend to be loosely coupled to each other through the
pair of anti-parallel diodes. Because of loose coupling
between the substrate and ESD ground ring, noise coupling,
between the various grounds tends to be mimmized.

The VDD lines in each block are completely 1solated from
cach other. The ESD clamps 6108 between the VDD and

ground lines in the circuit block tend to provide a complete
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discharge path for the VDD bus lines. When an ESD event
occurs the VDD supply lines in a block sees a low impedance
path through two diodes and two ESD clamps to the VDD bus
ol another circuit block.

RF and high speed signals present unique problems to
providing ESD protection. Noise 1s typically injected 1n a
circuit through the circuit’s power supply and ground leads.
Good high impedance RF 1solation of noise sources from an
RF signal while providing a low impedance ESD discharge
path s provided by circuitry comprising an ESD pad ring. The
embodiments tend to provide i1solation of RF signals from
noise sources by high impedance paths between the noise
signal and RE signal while maintaining a low impedance
discharge path from pin to pin of the integrated circuit when
presented with an ESD signal. Thus, the dual requirement of
an RF signals need for 1solation and an ESD circuit’s needs
for all pins to be connected tends to be achieved in the
embodiments described above.

Another conflicting requirement 1s an RF circuit’s need to
maintain small structures that reduce noise coupling and
enhance bandwidth by reducing parasitic capacitance verses
an ESD circuit’s requirements for a large structure that will
withstand a large ESD discharge current.

FIG. 63 1s an 1llustration of the effect of parasitic circuit
clements on an RF 1nput signal. Parasitic effects tend to be
more pronounced 1n a circuit structure with large physical
dimensions such as a bonding pad. In a typical RF integrated
circuit a bonding pad tends to have dimensions much greater
than the circuit elements present on the integrated circuit. In
addition bonding pads are attached to pins of an integrated
circuit often by wire bonds that increase the parasitic effects.
Parasitic elements tend to produce the affects of a low pass
filter 6300. For simplicity the low pass filter 1s shown as a
series resistor 6302 with a shunt capacitance 6304. However
in an actual circuit 1t 1s understood that this resistance and
capacitance comprises distributed elements disposed along
the length of the bond wire and pad structure.

If an RF s1gnal 6306 having a given bandwidth 1s presented
to such a filtering structure 6300, then the signal emerging at
the other end 1s a band limited or filtered signal 6308. Such a
distorted signal 1s undesirable. In the case of an analog RF
input signal information, or the signal 1ts self may be lost. In
the case of a digital signal, limiting the bandwidth of the
spectral components that make up the pulse train causes dis-
tortion 1n the pulse train at the output. The capacitance 6304
tends to be produced predominantly by a bonding pad struc-
ture that separates the charge collected on the bonding pad
from a ground underneath 1it.

In an ESD protection circuit large bonding pads and large
ESD structures are desirable to shunt large ESD currents to
ground without damage to the circuitry. However, when such
a large ESD structure or bonding pad 1s present RF signals
tend to be degraded due to the parasitic effects. Large capaci-
tance 1s desirable from an ESD design standpoint. Large
capacitors tend to slow down a buildup of charge, and thus
potential during an ESD event.

In addition cross-talk 1s produced by a signal on one line
being capacitively coupled to a signal on a second line dis-
tance between the lines must be maintained. A reference ring
routed about the periphery of a chip with bonding pads placed
on the core side tends to reduce or eliminate the cross-talk that
would occur between these conductors 11 one were routed on
top of the other.

Returning to FI1G. 59, 1n the state of the art power buses are
typically disposed between the integrated circuit core 5902
and the pad ring 5906, with the bonding pads 5904 disposed
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about the periphery of the chip 5900. In this arrangement a
pad to core connection typically crosses the power buses
perpendicularly.

FIG. 64 1illustrates a cross-talk coupling mechanism. A
bonding pad 5904 disposed on the periphery of the die 5900
would require interconnecting traces 6404 to pass over ESD
voltage and ground reference pad rings 5902, 5904. Any
signal present on the integrated circuit track 6404 crossing
over the ESD protection rings 5902, 5904 are capacitively
coupled 6402. Signals on reference rings 5902 and 5904 will
tend to be coupled onto trace 6404 and vice versa. Thus, 1t 1s
desirable to place the bond pad 5904 within the periphery of
the reference rings.

In an embodiment bond pads 3904 are disposed within the
pad rings 5902, 5904. External connections are achieved with
bond wire connections that cross over the pad rings. The
crossover gap ol the bond wire 1s much larger than the vertical
distance between the circuit track 6404 and either of the
reference rings 5902, 5904.

FIG. 65 i1s an illustration of an ESD device disposed
between a connection to a bonding pad and power supply
traces. In a typical IC layout a bonding pad 53904 1s connected
6404 to an integrated circuit core 5902. Traces 6504 typically
cross power supply and ground lines 3902 5904. An ESD
device 6500 1s typically disposed between the traces and the
power supply buses. A parasitic capacitance exists between
the traces 6404 and the power supply connections 5902, 5904.
This parasitic capacitance reduces signal bandwidth and
degrades noise performance because of the low pass filtering
alfect. Also, with this arrangement a core circuit 3902 must be
distanced from the bonding pad 5904 to allow for the power
supply traces 5902, 5904 to pass between the pad and core.
This prevents minimization of the distance between bonding
pad and circuit core. Parasitic capacitance between power
supply conductors and traces connecting the core to the bond-
ing pad are not the only problem encountered with this con-
figuration. In the current state of the art the bonding pads tend
to 1ncrease parasitic capacitance.

FIG. 66 1s an 1llustration of parasitic capacitance 1n a typi-
cal bonding pad arrangement on an integrated circuit. In a
typical integrated circuit a large bonding pad 1s disposed on
the surface of the integrated circuit die 3900. To prevent pad
peeling and liftoff one or more metal layers 6600 are disposed
in a layered structure separated by semiconductor material or
oxide. The two metal layers 6602, 6604 shown are coupled to
the upper metal layer 5904 by multiple feed-throughs 6606
that provide electrical contact and mechanical stability to the
uppermost bond pad 5904. With this structure multiple para-
sitic capacitance 6610 due to the layout are present. These
parasitic capacitances will couple to the substrate or any
circuit traces disposed nearby such as a power and ground bus
structure.

FI1G. 67 1s an illustration of a embodiment of a bonding pad
arrangement tending to reduce parasitic capacitances. A pad
ring bus comprised of lines 6002, 6004, 6200 1s disposed
about the periphery of the chip 3900. ESD devices 6702 are
disposed to the side of a bonding pad 6704. With this arrange-
ment a bonding pad 6704 may be connected 6504 to a circuit
block 1n the core 5902 with a minimum 1nterconnecting trace
length. The pad to core connection 6504 does not overlap any
power ground or ESD bus structure. Thus, cross-talk and
noise coupling with these structures tends to be minimized. In
addition the metal routing width from core to bonding pad 1s
not restricted due to requirements that would be imposed by
an ESD structure as described 1in FIG. 67. In an alternate
embodiment that provides improved ESD handling capabili-
ties, the ESD structures 6702 may be increased 1n size.
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In an alternative embodiment the ESD ground bus 6200 1s
placed at the periphery of the die. This bus tends to carry noise
that 1s most disruptive to circuit operation. Thus, 1t 1s desirable
to space this bus as far as possible from a pad. In the alternate
embodiment the ground bus 1s disposed between the ESD
ground bus and the VDD bus to reduce coupling between the
ESD ground bus and the VDD bus line.

FIG. 68 1llustrates a cross section of the bonding pad struc-
ture of FIG. 67. The bond pad 5904 1s reduced 1n size to the
smallest dimension allowable for successiul product manu-
facturing. A second metal layer 6802, further reduced 1n area
as compared to the top layer, 1s utilized as an anchor to hold
the bonding pad above it in place during a bonding process.
With this arrangement a smaller number of feed-through con-
nections 6606 are required. By eliminating multiple metal
layers beneath the top layer 5904 a distance between the
lower bond pad 6802 and the substrate 5900 1s increased. As
predicted from the capacitance formula, when the distance 1s
increased between capacitor plates the parasitic capacitance
1s decreased. The relationship 1s as follows:

C=KErx(4/d) (12)

where

(C=capacitance

K=dielectric constant

cr=the relative dielectric constant of the separating mate-

rial

A=area of the conducting plates

d=distance between the conducting plates
As can also be seen from the equation the reduced area of the
bonding pad results 1n a smaller capacitance. In addition, 1T
the dielectric constant in the equation 1s lowered then the
capacitance will also be lowered.

A diffusion area 6804 1s disposed beneath the bonding pads
5904,6802 to decrease the capacitance from bonding pad to
substrate. The diffusion area comprises a salicided diffusion
implant 6804 to further reduce parasitic capacitance coupling
to the substrate. This diffusion area 6804 1s coupled to a
potential 6806 that tends to reduce a voltage difference
between the diffusion layer 6804 and the bond pad structure
5904, 6802.

FIG. 69 1llustrates various ESD protection schemes uti-
lized 1n the state of the art to protect an integrated circuit from
ESD discharge due to charge build up on a die pad. Typically
a large ESD structure (or clamping device) attached to an 10
pin of a CMOS integrated circuit allows a high ESD discharge
current to be shunted to ground through it. However, a large
ESD structure on an 10 pin causes two problems. First dedi-
cating a large area on an integrated circuit die to an ESD
structure 1s undesirable. Die size 1s directly related to the cost
of manufacturing making a minimized die size desirable. A
second problem with a large ESD structure 1s a capacitive
loading by the ESD structure on a signal present on the pin.
The loading causes a decrease 1in bandwidth of the input
signal, increased power dissipation, and exceeding the allow-
able specified mput capacitance. A compact ESD protection
structure that works 1in conjunction with over-voltage protec-
tion, has a fast response time, will not be turned on by noise
generated 1n normal operation, and provides a layout that may
be used by multiple semiconductor foundries 1s described in
the following paragraphs.

In the past various structures 6902, 6904, 6906, 6908, 6910
have been coupled to IC die pads 5904 to shunt away harmiul
ESD levels. A common structure 1s the ggNMOS ESD struc-
ture 6902. A ggNMOS transistor M1 1s utilized to shunt an
ESD charge to ground. The source of M1 1s tied to the pad.,
and the drain to ground. Equivalently the drain may be tied to
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a lower potential source. As ESD charge builds on the pad 1ts
voltage increases to a point where the ggNMOS transistor 1s
triggered to conduct the ESD charge to ground.

Internal capacitance 1n the ggNMOS transistor feeds a
portion of the voltage established by a static charge to the
goNMOS transistor gate. When the voltage has risen to a
suificient level on the gate the transistor conducts. When
conducting the transistor i1s 1n a low impedance state and all
the static charge on the pad 1s shunted to ground.

Until the gate voltage rises to a level to cause the transistor
to conduct 1t 1s 1n an off, or high impedance state. In this state
the ggNMOS transistor tends to not disturb the signal on the
pad.

Gate-bias determines the effectiveness of this structure. In
normal operation the gate of the ggNMOS 1s biased off put-
ting the NMOS 1n an off, or high impedance state. Under an
ESD discharge condition the gate of the ggNMOS 1s biased
high to turn on a channel under the gate oxide. The ggNMOS
relies on the transistor’s mherent capacitance from gate to
drain (“Cgd”) to pull the gate high when the pad 1s pulled high
when a large electrostatic charge 1s present. Triggering 1s set
by a voltage divider circuit comprising Cgd and resistor R.
The electrostatic charge on the pad 5904 1s divided down by
the ratio of impedances of the capacitor Cgd and resistor R.

Coupling through Cgd degrades 1n a typical cascode over-
voltage protection circuit. The ggNMOS cannot be used
alone without a series cascode transistor 6904 when 1ts volt-
age from drain to source (“VDS”) exceeds a given electrical
overstress limit. The ggNMOS M1 utilizes a series cascode
stage M3, with its gate biased on, as shown at 6904 prevents
Cgd from being directly coupled to a bonding pad 5904,
substantially impairing 1ts effectiveness. To circumvent
isuificient coupling of M1’s Cgd to the pad three other
device configurations 6906, 6908, 6910 arc known.

The first device 6906 adds capacitor C1 to the ggNMOS
structure of 6902. C1 1s coupled from gate to source of M1.
C1 increases the coupling effect produced by the inherent
Cgd of the ggNMOS. Unfortunately C1 strongly couples the
goNMOS to the pad. Slight perturbations present on the pad
during normal operation are directly coupled to the ggNMOS
through the strong coupling. Thus, with the added coupling
capacitor C1 present, typical AC noise present on the pad
tends to turn on the ggNMOS during normal operation.

The next circuit 6908 utilizes the same coupling capacitor
C1 as described 1n 6906. However, this coupling capacitor has
one terminal tied to the gate of M1 and the second terminal
tied to a power supply voltage. During an ESD event the
power supply 1s pulled high by the ESD voltage present on the
pad. When the power supply 1s pulled high the gate of the
goNMOS M1 follows 1t to a high state. However with this
arrangement the gate of the ggNMOS 1s directly coupled to a
noise typically present on a power supply line. Switching
noise present on a power supply line tends to cause the ggN-
MOS M1 to turn on. If a quiet, or filtered, power supply 1s
coupled to capacitor C1 an extra voltage drop caused by going
through ESD protections of the quiet power supply would be
required before the gate bias 1s pulled high. This causes an
undesirably slow response time.

The third method 6910 utilizes a zener diode Z1 connected
with the positive terminal at the gate of M1 and its negative
terminal to the source of M1 to pull the gate of the ggNMOS
high under an ESD discharge. When an ESD discharge event
occurs the zener diode goes into a voltage breakdown mode
allowing charge to flow to the gate of the ggNMOS M1. The
gate floats high and the ggNMOS turns on shunting the ESD
current to ground. The drawback of this approach 1s that zener
diodes are not available 1n standard digital CMOS process.
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FIG. 70 1llustrates an approach to pad protection during
ESD event. Electrostatic charge builds up on an integrated
circuit pad 5904. A shunt device 7002 1s connected from the
pin 5904 to ground. The shunt device 7002 1s 1 a high
impedance state until suilicient charge builds up upon the pad
5904 to trigger the shunt device into a low impedance state. A
low impedance state allows all of the charge built up upon the
pad to be shunted to ground before damage to circuitry
coupled to the pad can occur. The shunt device 1s triggered by
the ESD charge building on the pad. A divider circuit com-
prising a capacitive element 7006 in series with a resistive
clement 7004 are coupled between the pad 5904 and ground.
The junction of the capacitive and resistive element 1s used as
a trigger to the shunt device 7002. When a preset trigger
voltage 1s reached the shunt device 1s activated into a low
impedance state.

FIG. 71 1s a schematic of a circuit immune to noise that uses
an ggNMOS' Cgd and a gate boosting structure to trigger ESD
protection. In this configuration diode CR1, transistors M2
and M3 are all disposed 1n an n-well biased at a voltage V to
form a gate boosting structure 7102. The source and drain of
M3 are coupled to the n-well 710. The source of transistor M2
1s tied to a quiet power supply V. Power supply V 1s used to
provide back gate bias 1n the N-well. CR1 1s made by a P+
diffusion into the n-well. Typically only one quet power
supply 1s sufficient to bias the entire chip. This 1s because CR1
1s fabricated with small dimensions and dissipates little
POWE.

Transistor M3 1s a PMOS transistor operating 1n 1ts linear
region to provide a MOS capacitor inherent to 1ts construction
between CR1 and R1. The drain of M2 1s coupled to the
source of M3. The drain of M3 i1s coupled to the negative
terminal of CR1. The positive terminal CR1 1s coupled to the
pad 5904. The gate of M3 1s coupled to a first terminal of
resistor R1, and a second terminal of R1 1s coupled to ground.
The junction of the gate o1 M3 and R1 1s tied to the gate of M1
and the negative terminal of CR1. The drain of M1 1s tied to
pin 5904 and the source of M1 1s tied to ground. Alternatively
the ground connection 1s not at zero potential but some lower
potential. Resistor R1 1s fabricated as an ohmic resistor, or
alternatively using other pulldown techniques known 1n the
art.

In normal operation M2 1s turned on. This provides a low
impedance path from the n-well back gate 7100 which 1s the
n-well thathost 7102 to the quiet power supply V. The channel
side, that 1s formed by the gate and conductive channel
formed 1n the silicon between the source and drain, of the
MOS capacitor formed by M3 i1s thus tied to a low impedance
source. Diode D1 is reverse biased forming a high impedance
path between M3 and pad 5904. Thus, a strong coupling
between the MOS capacitor formed by M3 and the pad is not
present. Added input capacitance tends to be negligible by
keeping the dimensions of diode CR1 as small as allowed by
a process’ constraints.

When electrostatic discharge occurs CR1 becomes for-
ward biased, providing a low impedance path from the pad
5904 to the capacitor formed by M3. Inresponse the capacitor
formed by M3 charges up, providing a “boosting” to turn on
the gate of M1. By providing boosting to the gate of M1 the
drain source channel 1n M1 1s turned on quickly forming a low
impedance connection from the pad 5904 to ground. The fast

response time 1s particularly suitable for a machine model
(“MM”) and charge device model (“CDM”) ESD discharge

modes.

The MOS capacitor formed by M3 significantly increases
the capacitance present on the gate of M1. This allows R1 to
be reduced in size to maintain the same time constant T
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(t=1/RxC) that would otherwise be required 1 M3 were
absent. Without the presence of the capacitance of M3, R1
would be required to be 1n the range of hundreds of kilo-
Ohms. Resistors of this value require a large amount of layout
area.

Thus R1 and CR1 do not require significant die area. The
fabrication of M3 utilizes thin oxide to form the MOS capaci-
tor also providing a compact layout of this device. M1 1s also
reduced 1n size because of the gate boosting provided. In the
configuration described, M1 1s biased at a higher gate source
voltage allowing a channel to conduct current more effi-
ciently. Thus, a given ESD current 1s capable of being con-
ducted to ground with a smaller transistor M1. The dimen-
s1ions of M1 do not need to be made large in order to provide
suificient Cgd for gate boosting, since boosting 1s primarily
accomplished through the capacitance supplied by M3.

FIG. 72 1s a schematic of an alternative embodiment uti-
lizing the gate boosting structure and a cascode configuration.
In an I/O application the gate of the cascode transistor 1s tied
directly to a power supply connection.

FIG. 73 1s a schematic of an embodiment that does not
require a quiet power supply. For a small amplitude signal, as
in RF signal applications, the drain to gate coupling of M1
will not turn on the channel of M1. Under this condition a
quiet power supply 1s not required, allowing M2 of FI1G. 71 to
be eliminated. In this embodiment the pad 1s coupled to a
silicon substrate through the N-well capacitance of diode
CR2. The PMOS capacitor M3 of FIG. 71 1s replaced by a
metal capacitor that reduces total n-well area coupled through
CR2. The configuration further reduces pad capacitance
while still allowing gate boosting of shunting transistor M1
during an ESD discharge.

The mvention claimed 1s:

1. An integrated circuit electrostatic discharge (ESD) pro-
tection circuit, comprising:

a shunting grounded-gate n-type metal-oxide-semicon-

ductor (ggNMOS) ESD structure; and

a gate-boosting structure disposed in an n-well coupled

between the ggNMOS ESD structure and a protected

component, the gate-boosting structure comprising:

a configuration diode coupled to the protected compo-
nent;

a first transistor coupled to the configuration diode and
the ggNMOS ESD structure, and

a second transistor coupled to the first transistor and the
configuration diode, the configuration diode, the first
transistor, and the second transistor being disposed 1n
the n-well.

2. The ESD protection circuit of claim 1, wherein the
protected component comprises:

an integrated circuit bond pad, the integrated circuit bond

pad including:

a first metal layer having a first surface area;

a second metal layer having a second surface area that 1s
less than the first surface area,

wherein the first metal layer overlaps the second metal
layer, and

wherein the first metal layer 1s connected to the second
metal layer via a feed-through; and

a substrate,

wherein the first and second metal layers are disposed on

the substrate and the second metal layer 1s located
between the first metal layer and the substrate.

3. The ESD protection circuit of claim 1, wherein the
protected component comprises at least one of a group con-
s1sting of:

a broadcast receiver,

a radio receiver,

a cable television set-top box,

a local area network receiver,
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a testing device,

a measuring device, and

a radar receiver.

4. The ESD protection circuit of claim 1, further compris-
ng:

a plurality of bonding pads,

wherein the ggNMOS ESD structure 1s disposed 1n
between two adjacent bonding pads in the plurality of
bonding pads.

5. The ESD protection circuit of claim 1, further compris-

ng:

a ground ring, coupled to the ggNMOS ESD structure,

configured to recerve an ESD from the ggNMOS ESD

structure.
6. The ESD protection circuit of claim 1, further compris-
ng:

a partial ground ring structure, coupled to the ggNMOS
ESD structure, configured to recerve an ESD from the

goNMOS ESD structure,

wherein the partial ground ring structure includes a first
terminating point and a second terminating point, the
first and second terminating points defining a gap.

7. The ESD protection circuit of claim 1, wherein the

protected component comprises:

a power supply ring coupled to the ggNMOS ESD struc-
ture.

8. The ESD protection circuit of claim 1, wherein the

protected component comprises:

a partial power supply ring structure coupled to the ggN-
MOS ESD structure,

wherein the partial power supply ring structure includes a
first terminating point and a second terminating point,
the first and second terminating points defining a gap.

9. An mtegrated circuit electrostatic discharge (ESD) pro-
tection circuit, comprising:

a shunting grounded-gate n-type metal-oxide-semicon-
ductor (ggNMOS) transistor having a source coupled to
ground, a drain coupled to a protected component, and a
gate coupled to a node;

a resistor coupled between ground and the node;

a second transistor having a gate coupled to the node, and
a source, drain, and backgate coupled to an n-well;

a third transistor having a drain and backgate coupled to the
n-well, and a source coupled to a power supply; and

a diode having a cathode coupled to the n-well and an
anode coupled to the protected component.

10. The ESD protection circuit of claim 9, wherein the

protected component comprises:

an integrated circuit bond pad, the integrated circuit bond
pad including:

a first metal layer having a first surface area;

a second metal layer having a second surface area that 1s
less than the first surface area,

wherein the first metal layer overlaps the second metal
layer, and

wherein the first metal layer 1s connected to the second
metal layer via a feed-through; and

a substrate,

wherein the first and second metal layers are disposed on
the substrate and the second metal layer 1s located
between the first metal layer and the substrate.

11. The ESD protection circuit of claim 9, wherein the
protected component comprises at least one of a group con-
sisting of:

a broadcast receiver,

a radi1o receivet,

a cable television set-top box,
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a local area network receiver,

a testing device,

a measuring device, and

a radar receiver.

12. The ESD protection circuit of claim 9, further compris-

ng:

a plurality of bonding pads, wherein the ggNMOS ESD
transistor 1s disposed in between two adjacent bonding
pads 1n the plurality of bonding pads.

13. The ESD protection circuit of claim 9, further compris-

ng:

a ground ring, coupled to the source of the ggNMOS ESD
transistor, configured to receive an ESD from the ggIN-
MOS ESD structure.

14. The ESD protection circuit of claim 9, further compris-

ng:

a partial ground ring structure, coupled to the source of the
goNMOS ESD transistor, configured to receive an ESD
from the ggNMOS ESD structure,

wherein the partial ground ring structure includes a first
terminating point and a second terminating point, the
first and second terminating points defining a gap.

15. The ESD protection circuit of claim 9, further compris-

ng:

a power supply ring coupled to the drain of the ggNMOS

ESD transistor.

16. The ESD protection circuit of claim 9, further compris-

ng:

a partial power supply ring structure coupled to the drain of
the ggNMOS ESD transistor, wherein the partial power
supply ring structure includes a first terminating point
and a second terminating point, the first and second
terminating points defining a gap.

17. The ESD protection circuit of claim 9, further compris-

ng:

a fourth transistor,

wherein the drain of the ggNMOS transistor 1s coupled to
the protected component via the fourth transistor, and

wherein a gate of the fourth transistor 1s coupled to a
second power supply.

18. An integrated circuit electrostatic discharge (ESD) pro-

tection circuit, comprising;:

a shunting grounded-gate n-type metal-oxide-semicon-
ductor (ggNMOS) transistor having a source coupled to
ground, a drain coupled to a protected component, and a
gate coupled to a node;

a resistor coupled between ground and the node;

a capacitor having a first electrode coupled to the node, and
a second electrode coupled to an n-well; and

a diode having a cathode coupled to the n-well and an
anode coupled to the protected component.
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19. The ESD protection circuit of claim 18, wherein the
protected component comprises:

an integrated circuit bond pad, the integrated circuit bond
pad including:

a first metal layer having a first surface area;

a second metal layer having a second surface area that 1s
less than the first surface area,

wherein the first metal layer overlaps the second metal
layer, and

wherein the first metal layer 1s connected to the second
metal layer via a feed-through; and

a substrate,

wherein the first and second metal layers are disposed on
the substrate and the second metal layer 1s located
between the first metal layer and the substrate.

20. The ESD protection circuit of claim 18, wherein the
protected component comprises at least one of a group con-
sisting of:

a broadcast receiver,

a radio receirver,

a cable television set-top box,

a local area network receiver,

a testing device,

a measuring device, and

a radar receiver.

21. The ESD protection circuit of claim 18, further com-
prising;:

a plurality of bonding pads,

wherein the ggNMOS ESD transistor 1s disposed 1n
between two adjacent bonding pads in the plurality of
bonding pads.

22. The ESD protection circuit of claim 18, further com-

prising:

a ground ring, coupled to the source of the ggNMOS ESD
transistor, configured to receive an ESD from the ggN-
MOS ESD structure.

23. The ESD protection circuit of claim 18, further com-

prising:

a partial ground ring structure, coupled to the source of the
goNMOS ESD transistor, configured to receive an ESD
from the ggNMOS ESD structure,

wherein the partial ground ring structure includes a first
terminating point and a second terminating point, the
first and second terminating points defining a gap.

24. The ESD protection circuit of claim 18, further com-

prising:

a circuit, coupled to the source of the ggNMOS ESD tran-
sistor, configured to carry a radio frequency signal.
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